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1. Introduction 
1.1. Plant carbon metabolism and respiration  
Plants are the most important group of living organisms. They are the primary 
producers and through a process of photosynthesis, they supply energy, oxygen, 
and various building blocks for many other organisms, including humans. To put 
into perspective the importance of plants, one can cite the fact that total energy 
conversion of all plants reaches 100 TW (terawatts), while the energy 
consumption of the whole of mankind is only 10 TW (from the talk at the Plant 
Biology 2014 conference by Harvey Millar, The University of Western Australia).  
Photosynthesis is undoubtedly one of the most important processes for both 
plants and the whole biosphere. For this reason, a great deal of research is 
devoted to it. Photosynthesis is limited to the green organs of plants (leaves and 
even stems in some species). They are termed as source organs; through 
photosynthesis they produce and supply carbohydrates for all other organs, 
which are termed sink organs (roots, flowers, and fruits). Sink organs completely 
rely on respiration for their energy supply. During the night, when photosynthesis 
is absent, source organs also depend on respiration for energy supply. Levels of 
plant respiration can become significant. In some plants under certain conditions, 
as much as 70% of the photosynthetically generated carbohydrates are respired 
on the same day (Millenaar and Lambers, 2003). Plant respiration represents 
about 50% of the CO2 annual input from all terrestrial ecosystems (Plaxton and 
Podestá, 2006).  
Plant respiration comprised of a very complex set of reactions and pathways 
which oxidizes the 12-carbon sucrose molecule (with concurrent reduction of 12 
O2) to 12 CO2 and 11 H2O molecules. This oxidation is performed in a series of 
sequential steps in different cellular compartments in order to allow for efficient 
capture of the released energy which comes in the form of ATP. The first step 
occurs in the cytoplasm in the form of glycolysis where sugars are converted into 
organic acids (pyruvate and malate) with concurrent production of ATP and 
NADH. In parallel to glycolysis in the cytoplasm and chloroplasts, sugars are 
converted into triose phosphates via the pentose phosphate pathway, during 
which NADPH is generated. These triose phosphates join glycolysis and are 
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converted into organic acids. The generated organic acids (predominantly 
pyruvate and malate) are transported into mitochondria and oxidized to CO2 via 
the citric acid cycle with simultaneous production of ATP, NADH, and FADH2. 
The NADH and related species from all the above mentioned processes are 
oxidized via oxidative phosphorylation (OXPHOS) to generate ATP (Taiz and 
Zeiger, 2010 p.306).  
As mentioned above, source organs get most of their energy during the day 
from photosynthesis, but respiration is still essential. Respiration is important to: 
(I) supply ATP for cytosolic anabolic processes, (II) dissipate the excess reducing 
equivalents (such as NADPH) from photochemical reactions in order to prevent 
over-reduction of photosynthetic electron transporters, and (III) to support 
photorespiration (Plaxton and Podestá, 2006). Photorespiration is a recycling 
pathway for the product of the side reaction of Rubisco (ribulose-1,5-
bisphosphate carboxylase/oxygenase). In 25% of cases, Rubisco fixes oxygen 
instead of CO2, which creates a two-carbon intermediate which needs to be 
recycled (Sharkey, 1988). This recycling is performed via reactions in three 
different organelles (chloroplasts, peroxisomes, and mitochondria). In 
mitochondria, two glycines are converted into serine with the concurrent 
generation of NADH, which will be reoxidized through the electron transport chain 
(ETC) (Taiz and Zeiger, 2010 p.211). Photorespiration can generate massive 
amounts of NADH in mitochondria, which need to maintain very active ETC to 
oxidize it (Plaxton and Podestá, 2006).  
1.2. Plant mitochondria  
Mitochondria (mt) are semiautonomous organelles present in the cells of 
most eukaryotes. In yeast and mammalian cells, mitochondria are very dynamic 
with significant levels of fusion and fission. These organisms’ mitochondria tend 
to form tubules or reticula (Alberts et al., 2008 p.815). In contrast, plant cell 
mitochondria are highly dynamic, physically discrete organelles, and numerous 
in number (Logan, 2006). They are highly pleomorphic, although most frequently 
spherical to sausage-shaped (Logan, 2006), with sizes ranging from 0.5 to 1 μm 
in diameter and up to 3 μm in length (Douce, 1985). Plant mitochondria undergo 
frequent fusion and fission, which enables a mixing of their content. Therefore, 
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they have been described as a discontinuous whole (Logan, 2006). Mitochondrial 
movement in plants, budding yeast (Saccharomyces cerevisiae), and in some 
protists is predominantly dependent on actin microfilaments (Logan, 2003), while 
in animals, mitochondrial movement is predominantly dependent on microtubules 
(Yaffe, 1999). On average plant cells have substantially fewer mitochondria than 
animal cells. However, the exact number of mitochondria per cell varies from 
tissue to tissue and its metabolic activity (Taiz and Zeiger, 2010 p.315). 
The ultrastructural features of plant mitochondria are similar to those of 
mitochondria in other organisms. Each mitochondrion is comprised of two 
specialized membranes: a smooth outer mitochondrial membrane (OMM) and 
highly invaginated inner mitochondrial membrane (IMM). The invaginations are 
called cristae. The membranes separate two aqueous compartments, the 
intermembrane space (IMS) and the matrix. Each mitochondrial department has 
its specific composition and function (Alberts et al., 2008 p.816-817). The OMM 
is permeable to solutes with a molecular mass less than 1 kDa (most metabolites 
and ions) (Millar et al., 2008). The IMM is not permeable; metabolite and ion 
transport requires a large number of special carriers. Arabidopsis possesses 
more than 60 putative mitochondrial carrier proteins (Picault et al., 2004). Besides 
the carrier proteins and respiratory complexes other complexes are also present 
in the IMM (e.g. translocase of the inner membrane - TIM). Proteins bound to the 
IMM represent about 50% of the total mitochondrial protein (Taiz and Zeiger, 
2010 p.315).The IMS is chemically equivalent to the cytosol in respect to small 
molecules and ions due to the OMM permeability (Alberts et al., 2008 p.816). The 
last compartment, known as the matrix, contains large numbers of 
macromolecules, approximately 50% by weight, hence the matrix consistency is 
described as gel-like. It contains a huge number of metabolic enzymes (pyruvate 
dehydrogenase complex, citric acid cycle enzymes, glycine decarboxylase 
complex, etc.) and other components necessary for normal mitochondrial 
function and autonomous replication (Taiz and Zeiger, 2010 p.315).  
Mitochondria have a certain autonomy within the cells. According to 
endosymbiosis theory, they originated from free-living proteobacteria, which 
entered into symbiosis with eukaryotic cells. Most genes of the bacteria were lost 
through evolution or have been transferred to the nucleus. Nevertheless, the 
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matrix contains mitochondrial DNA and the entire machinery necessary to 
express it (Alberts et al., 2008 p.859-860).  
Plant mt genomes have several specific characteristics compared to animal 
systems. First, plants mt genomes are much bigger (Arabidopsis – 367 kbp, 
human – 16.5 kbp) and they contain more genes. The Arabidopsis mt genome 
contains 57 genes, of which 33 code for proteins, while the others are mRNA and 
tRNA genes. Second, protein expression from the plant genome is more complex. 
Plant mt genes contain group II self-splicing introns (23 in Arabidopsis). It is likely 
that many additional proteins are involved in intron splicing reactions. Further on, 
mt mRNAs require considerable RNA editing before translation (456 C-to-U 
conversions have been defined in Arabidopsis mt mRNAs) (Millar et al., 2008). 
Out of 33 mt genome-coded proteins in Arabidopsis, 16 are respiratory complex 
subunits (complex I – 9, complex III – 1, complex IV – 3, complex V – 3), 5 are 
cytochrome c biogenesis proteins and rest are ribosomal (Unseld et al., 1997). 
All other mitochondrial proteins (possible more than 2000) are encoded by the 
nuclear genome and imported into the mitochondria (Taiz and Zeiger, 2010 
p.324).  
As hinted previously, besides the main role in carbon metabolism and ATP 
production, mitochondria play important roles in many other processes. 
Mitochondria can also export carbon skeletons and NADPH to the cytosol which 
can be used for biosynthesis and cell growth (Alberts et al., 2008 p.838). Also 
plant mitochondria perform a large number of other important functions, e.g. 
metabolism of amino acids, biosynthesis of vitamins and cofactors, control of 
programmed cell death, and so on. (Millar et al., 2008). Among the many 
functions of mitochondria, a few are of greater interest for this work. These are 
respiration, metal ion storage, and ROS protection and signaling. Mitochondria 
store transient metals, predominantly Fe and Cu (75% of the mt metallome), but 
also Zn, Mn, and in trace levels Co and Mo (Jacoby et al., 2012). Recently, a 
number of publications revealed the importance of mitochondria in the oxidative 
stress response and signaling (Millar et al., 2011). Environmental, biotic, and 
abiotic stresses induce oxidative stress in cells causing the accumulation of ROS 
in mitochondria, which is used for stress signaling (Jacoby et al., 2012).  
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Plant mitochondria possess a large number of defensive systems for ROS 
detoxification. The superoxide generated by the ETC is removed efficiently by 
superoxide dismutases (SOD) and converted into hydrogen peroxide. The matrix 
contains the Mn-SOD (which is also present in peroxisomes), but the presence 
of SOD in the IMS is not confirmed. It is assumed that Cu/Zn-SOD, similar as 
found in yeast, is also partly localized to the IMS (Millar et al., 2008). Confirmed 
locations for Cu/Zn-SOD are in the cytosol and chloroplasts. The Fe-SOD is also 
localized to chloroplasts (Gill and Tuteja, 2010). Hydrogen peroxide can be 
removed by several defense systems present in mitochondria. These defenses 
include catalase (Cat3), the Glutathione/ Glutathione reductase (GR)/ 
Glutathione peroxidase (GPX) system, and the ascorbic acid/ 
monodehydroascorbate reductase (MDHAR) system (Gill and Tuteja, 2010). 
1.3. OXPHOS system 
As already mentioned, the oxidative phosphorylation (OXPHOS) system is 
the final part of cellular respiration. It is comprised of the ETC, ATP synthase 
(complex V), and alternative bypass proteins (Figure 1).  
Figure 1. Schematics of organisation of the plant OXPHOS system.  
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The ETC catalyzes a flow of electrons from NADH and FADH2 to oxygen with 
simultaneous pumping of protons from matrix across the IMM to the IMS (Taiz 
and Zeiger, 2010 p.318). It is comprised of four multi-subunit complexes.  
 Complex I (NADH dehydrogenase) is comprised of 49 subunits (8 are plant 
specific) and it transfers electrons from NADH (oxidizing it into NAD+) to the first 
mobile electron transporter ubiquinone. Complex II (succinate dehydrogenase; 8 
subunits, of which 4 are plant specific) is a part of the citric acid cycle; it transfers 
electrons generated by the succinate oxidation to ubiquinone. Reduced 
ubiquinone (ubiquinol) moves through the IMM and transfers electrons to 
complex III. This complex (cytochrome bc1 complex; 10 subunits), in turn, 
transfers electrons from ubiquinol to another mobile electron carrier, cytochrome 
c. Cytochrome c is loosely attached to the IMS-side of the IMM and it transfers 
electrons from complex III to complex IV (cytochrome c oxidase, known as the 
COX complex). The COX complex (14 subunits, of which 6 are plant specific) 
transfers electrons from cytochrome c to the final acceptor, oxygen. Protons are 
pumped across the IMM during electron transfers over complexes I, III, and IV.  
This proton pumping creates an electro-chemical gradient which is known as the 
proton motive force. ATP synthase (complex V) uses the energy stored in this 
electro-chemical gradient to generate ATP. The ATP synthase is comprised of 11 
subunits, 1 of which is plant specific (information about subunit numbers is from 
Jacoby et al., 2012; other information are from Taiz and Zeiger, 2010 p.319-320). 
Respiratory complexes in plant mitochondria can also join together to form 
supercomplexes which speed up the reaction through substrate channeling. 
However, the exact nature and stability of these supercomplexes is not clear. The 
only confirmed supercomplex in Arabidopsis is one complex I and two complex 
III (I1+III2) and its dimer form (Klodmann et al., 2011). 
In plants, besides these standard respiratory complexes, additional proteins 
exist, which can replace the function of one or more of the respiratory complexes. 
The rotenone-insensitive NAD(P)H dehydrogenases can replace the function of 
complex I, and reduce NADH and NADPH without proton pumping (Taiz and 
Zeiger, 2010 p.320). NADPH is generated by the cytosolic oxidative pentose 
pathway or imported from chloroplasts (Plaxton and Podestá, 2006). Arabidopsis 
probably possesses at least five NAD(P)H dehydrogenases, three of which are 
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present in the IMS and two in the matrix (Elhafez et al., 2006). Alternative 
oxidases (Aox) can take electrons directly from ubiquinol and transfer them to the 
molecular oxygen without proton pumping. By doing so, Aox circumvents 
complexes III and IV (Taiz and Zeiger, 2010 p.320). Arabidopsis has five AOX 
genes; AtAOX1a is the major predominantly expressed isoform (Clifton et al., 
2006). AtAOX1a is significantly upregulated under mitochondrial ROS stress; 
hence, it is used as an mt ROS stress marker gene (Van Aken et al., 2013). 
Interestingly, two rotenone-insensitive NAD(P)H dehydrogenases (one in the IMS 
(AtNDA2) and one in the matrix (AtNDB2)) are regulated in a coordinated manner 
with AtAOX1a. Products of these genes can practically form an alternative ETC 
for NAD(P)H reduction without proton pumping (Elhafez et al., 2006). The role or 
this alternative ETC is to assist the standard ETC under stress conditions and a 
high work load. By doing so, it reduces ROS production by the ETC (Millar et al., 
2008). Complexes I, II, and III produce ROS during their normal function; 
however, under stress conditions and high workloads, production is intensified. 
Complexes I and II produce ROS only within the matrix, while complex III on both 
sides of the IMM (Mailloux et al., 2013). In addition to these alternative enzymes, 
plants have one uncoupling protein (Ucp) which can uncouple the ATP synthesis 
from the ETC by directly leaking protons into the matrix. During this, ATP is not 
synthesized and energy is released as heat (Taiz and Zeiger, 2010 p.320).  
1.4. COX complex 
The focus of this thesis is the COX complex which is the final destination of 
electrons in the ETC. Its core is comprised of three highly conserved subunits 
(CoxI-III), which are encoded by the mt genome (Khalimonchuk and Rödel, 
2005). Interestingly, the gene for the CoxIII subunit in the green alga family 
Chlamydomonadaceae is present in the nuclear rather than mitochondrial 
genome (Pérez-Martinez et al., 2000). The total number of Cox-complex subunits 
varies from organism to organism. For example, the COX complexes from S. 
cerevisiae and humans have 11 and 13 subunits, respectively (Khalimonchuk 
and Rödel, 2005). In Arabidopsis, 14 subunits were detected and they are named: 
CoxI, CoxII, CoxIII, CoxVb, CoxVc, CoxVIa, CoxVIb, CoxVIc and CoxX1 to X6.  
The CoxX1 to X6 subunits are plant specific (Klodmann et al., 2011).  
Introduction 
 
   8 
 
The three core subunits share a significant homology with the prokaryotic 
oxidase and are generally similar in different organisms. The CoxI subunit is the 
largest and most hydrophobic of the core proteins with 12 transmembrane 
domains (TM). It coordinates heme a and a binuclear heme a3-CuB redox centre. 
It also binds sodium ions and has an affinity for calcium (Khalimonchuk and 
Rödel, 2005; Kirichenko et al., 1998; Lee et al., 2002). The CoxII subunit binds 
the binuclear mixed valence CuA centre and has two TM domains. The CoxIII 
subunit has seven TM domains but its function is unclear (Khalimonchuk and 
Rödel, 2005). 
The COX complex accepts electrons from cytochrome c, which docks to the 
CoxII subunit. Cytochrome c’s binding site has a ring (around the heme group) of 
positively charged Lys residues, which most probably binds to a structurally 
similar negatively charged rings in complexes III and IV (Voet and Voet, 2004 
p.815). Electrons are transferred from the heme group of cytochrome c to the CuA 
centre of the CoxII subunit. From there, they are transferred to the CoxI subunit, 
first to heme a, and then to the a3-CuB redox centre where they are used to reduce 
oxygen to water through a series of steps (Voet and Voet, 2004 p.818-819).  
Assembly of the COX complex is an intricate, sequential process (Nijtmans 
et al., 1998). Mitochondrial DNA-encoded subunits (CoxI-III) need to be 
processed and inserted into the lipid bilayer, while the nuclear DNA-encoded 
subunits need to be imported into the mitochondria and assembled. A large set 
of nuclear DNA-encoded chaperones (more than 30) is required to complete the 
COX assembly. These chaperones perform diverse functions: translational 
activation of core subunit mRNAs, membrane insertion and processing, copper 
trafficking and insertion, heme biosynthesis, and direct assembly of COX 
subunits (Barrientos et al., 2008; Khalimonchuk and Rödel, 2005). Probably the 
most complex process is the assembly of the first two core subunits. CoxI is 
inserted into the IMM and assembled in a cotranslational manner (Khalimonchuk 
et al., 2010; Ott and Herrmann, 2010). The transition of COXI mRNA is activated 
by Pet309 (a translational activator) and Mss51 (mitochondrial splicing 
suppressor protein 51) (Mick et al., 2010). Mitochondrial ribosomes can interact 
with the IMM translocase, Oxa1, which docks them close to the IMM (Jia et al., 
2003). The emerging CoxI protein is associated with Mss51 and its insertion into 
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the IMM is mediated by Oxa1. In the membrane, CoxI is associated with Cox14, 
Cox25, Coa1, Coa3 as well as Mss51 (Mick et al., 2010; Soto et al., 2012). During 
the insertion and assembly of CoxI, a copper ion is inserted into the CuB site by 
Cox11, while heme a and a3 are probably inserted with the help of Shy1. Hemes 
are synthesized in the mitochondria by Cox10 and Cox15. The exact time points, 
order, and mechanisms of cofactor insertion is still unclear, but it is known to 
happen during the assembly of CoxI and not afterwards (Khalimonchuk et al., 
2010). Subsequently, CoxI is joined with CoxIV and Cox V (yeast nomenclature, 
in humans they are listed as CoxV and CoxVI) (Mick et al., 2010). In parallel to 
this, the CoxII subunits are translated with the help of the translational activator 
Pet111 (Mick et al., 2010) and inserted into the IMM with the help of Cox18 
(Saracco and Fox, 2002) and Cox20 (Bourens et al., 2014). Copper is inserted 
into the CuA center by Sco1, probably after assembly in the IMM (Soto et al., 
2012; Van Dijk et al., 2007). CoxIII is translated by mt ribosome but its assembly 
factors are unknown thus far (Soto et al., 2012). The CoxI/IV/V intermediate is 
joined by the assembled CoxII and CoxIII. However, it is not clear whether CoxII 
or CoxIII joins the complex first (Mick et al., 2010). Other nuclear DNA-encoded 
subunits then join the complex to complete the assembly (Soto et al., 2012). 
Information about the mechanism of COX assembly presented here came mostly 
from research on yeast and human (Mick et al., 2010; Soto et al., 2012). 
1.5. Cellular and mitochondrial copper transport 
Copper is an essential element for cells. As cofactor to a number of enzymes, 
it participates in several very important processes. Some have been mentioned 
so far, for example, respiration (copper is cofactor of the COX complex 
(Khalimonchuk and Rödel, 2005)) and ROS defense (copper is cofactor of Cu/Zn-
SOD (Cobine et al., 2006b)). In plants, copper participates in one of the most 
important process, a photosynthesis. One of the mobile electron carriers in the 
ETC in chloroplasts is a copper binding protein, plastocyanin (Taiz and Zeiger, 
2010 p.175). Copper is also, however, a highly toxic element for the cell. It can 
participate in the Fenton reaction, where hydrogen peroxide is converted into 
highly reactive and dangerous hydroxyl radicals. Also because it is on the top of 
the Irving-Williams series, copper can create the tightest complexes with proteins 
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compared to other metal cofactors. Hence, copper has the ability to displace other 
metals from their active sites and inactivate enzymes (Robinson and Winge, 
2010). Consequently, copper is almost never in the free form within the cell, but 
always bound to a chaperone or ligand (Cobine et al., 2006b). The concentration 
of free copper in cytoplasm is negligible, probably sub-femtomolar (Robinson and 
Winge, 2010). 
In Arabidopsis, copper is imported into the cells via two specific transporters: 
the Copt (copper transporter protein) and Zip transporters families (Garcia et al., 
2014). Once in cytoplasm (presumably bound to some chaperone or ligand), it is 
targeted to several cellular compartments. In cytoplasts, the AtCcs1 copper 
chaperone loads copper to the Cu/Zn-SOD (Pilon et al., 2006). Part of the 
ScSod1 (Cu/Zn-SOD) in yeast is localized to the IMS of mitochondria. 
Interestingly, ScSod1 is loaded with copper in the IMS by ScCcs1 which is also 
imported into the IMS (Cobine et al., 2006b). The same holds true for Cu/Zn-SOD 
in chloroplasts, which is directly loaded by AtCcs1 in stroma (Pilon et al., 2006). 
Copper is imported to the chloroplast stroma via the AtHma6 transporter and to 
chloroplast lumen (for plastocyanin loading) by AtHma8 transport (Pilon, 2011).  
Both in yeast and plants, copper is targeted to the endoplasmic reticulum and 
golgi with the Atx1 chaperone (Cobine et al., 2006b; Pilon et al., 2006). Import 
and transport of copper within mitochondria is best understood in yeast and is 
summarized in Figure 2.  
 The pathway of copper delivery to mitochondria is unknown; it is possibly 
imported while bound to a small ligand through porins in the OMM (Robinson and 
Winge, 2010). Recently it was discovered that copper is imported into the matrix 
via ScPic2, a mitochondrial carrier family protein (Vest et al., 2013). The 
mitochondrial matrix contains a non-proteinaceous pool of copper bound to 
unknown small ligands (Cobine et al., 2004). This copper pool is later used for 
loading of the COX complex and ScSod1 (Cobine et al., 2006a). As mentioned 
above, ScSod1 is loaded by its own copper chaperone ScCcs1. For loading of 
the COX complex, copper is transported back into the IMS by unknown 
transporter to the copper chaperone ScCox17 (Cobine et al., 2006b).  
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ScCox17 then transfers copper to the other copper chaperones ScSco1 and 
ScCox11 (Horng et al., 2004). ScSco1 continues on to load the copper to the CuA 
center of the ScCoxII subunit, while ScCox11 loads its copper to the CuB center 
of the ScCoxI subunit. Yeast has another member of Sco family, ScSco2, whose 
role is still not clear. ScCox19 and ScCox23 probably also participate in copper 
transport and COX assembly; their exact roles, however, remain unclear 
(Khalimonchuk and Rödel, 2005).   
Homologues of most of these copper chaperones have been identified in 
Arabidopsis. For some of them, homology was experimentally confirmed.  AtHcc1 
is homologous to ScCox11 (Steinebrunner et al., 2011). AtCox19 is homologous 
to the yeast protein ScCox19 (Attallah et al., 2007b). Arabidopsis has two 
AtCox17 proteins (Attallah et al., 2007a), the AtCox17-2 was proven to be 
homologous to the yeast ScCox17 (Balandin and Castresana, 2002). Some of 







































Figure 2. Schematic of copper transport within mitochondria in S. cerevisiae. 
This figure summarizes known copper chaperones and copper transport pathways in yeast 
mitochondria. Full and dashed arrows represent confirmed and theoretical parts of the transport 
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homologues exist in Arabidopsis (AtCox11 is probably a homologue to ScCox11, 
while AtPht3 is likely a homologue to ScPic2).  
1.6. Cox11 protein family 
Cytochrome c oxidase 11 (Cox11) is an ancient and conserved protein family 
(Khalimonchuk and Rödel, 2005). The best characterized homologue is found in 
S. cerevisiae (ScCox11). ScCox11 is a 28-kDa cooper binding protein tethered 
to the IMM with Nin-Cout (C-terminal region in the IMS) membrane topology (Carr 
et al., 2002; Khalimonchuk et al., 2005).  The protein has a single TM domain 
towards the N-terminus (Figure 3). The C-terminal domain contains the copper 
binding motif (CXC) (Banting and Glerum, 2006; Carr et al., 2005). The copper 
binding motif is highly conserved among homologues. The third cysteine in the 
C-terminal region (just after the TM domain) is also highly conserved, but it does 
not participate in binding the copper (Banting and Glerum, 2006). Conserved 
methionine (M224 ScCox11 numbering), however, is necessary for copper binding 








Figure 3. Model of the human HsCox11 dimer with bound copper ions. 
IMS – intermembrane space, IMM – inner mitochondrial membrane, TM - transmembrane 
domain. In the circle: predicted binding of a copper pair by the Cox11 dimer.  Modified from Van 
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The N-terminus harbors the mitochondrial targeting signal. Other than for 
targeting, the N-terminal region seemingly has no further functions (Carr et al., 
2005). The knock-out of ScCOX11 causes complete COX inactivity and 
respiratory deficiency in yeast (Banting and Glerum, 2006; Carr et al., 2002; Carr 
et al., 2005)). Crystalline structures from the Cox11 soluble part (C-terminal 
region) from Sinorhizobium meliloti revealed a novel type of β-immunoglobulin-
like fold which is almost exclusively comprised of β-sheets. This kind of structure 
might mediate interactions with other proteins (Banci et al., 2004). Cox11 
proteins, as a dimer, bind one copper ion (Cu+) per subunit (Khalimonchuk and 
Rödel, 2005). The crystal structure suggests that each copper is coordinated with 
three cysteines, two from one monomer and a third from the other (Figure 3) 
(Banci et al., 2004).  
  Cox11 homologues are present in many prokaryotes and eukaryotes 
(Arnesano et al., 2005; Khalimonchuk and Rödel, 2005). In humans, there are 
two Cox11 homologues, but one is predicted to be a pseudogene (Khalimonchuk 
and Rödel, 2005). Interestingly, the Cox11 homologue in Schizosaccharomyces 
pombe SpCox11 is expressed as fusion protein. The SpCox11 and SpRsm22 (a 
component of mitochondrial ribosome) proteins are expressed from one mRNA, 
but after translation are cleaved to perform their functions independently 
(Khalimonchuk et al., 2006). Remarkably, Cox11 homologues are nuclear DNA-
encoded, except for those in the Jakobids species (one of the protists orders), 
where Cox11 homologues are mitochondrial DNA-encoded. (Burger et al., 2013). 
Members of the Cox11 family are involved in copper insertion into the CuB 
site of the CoxI subunit (Khalimonchuk and Rödel, 2005). It was shown in yeast 
that ScCox11 received copper ions from ScCox17, but direct interaction was not 
detected (Horng et al., 2004). The exact mechanism of copper insertion into CoxI 
is unknown. Thompson et al. (2010) gave a hypothesis for the mechanism of 
copper insertion, based on their work on Cox11 from Rhodobacter sphaeroides 
(RsCox11). The model of Cox11 dimer (Figure 3 (Van Dijk et al., 2007)) predicts 
that the dimer is positioned with the copper cluster (bound by Cys126/128) facing 
the IMM, while the third cysteine (next to TM domain, C35 in RsCox11) would be 
close to the membrane. The authors suggest that as the newly translated RsCoxI 
is inserted into the IMM, the segment containing histidines from the CuB site 
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(His333/334) is pushed towards the surface of the IMM, towards the C35 of RsCox11. 
They further suggest that Cys-35 thiolates mediate copper transfer through a 
series of transient copper binding structures. Initially, the side chains of Cys35 
may interact with the Cys126 and Cys128 Cu+ binding motif to form a transient 
Cys35-Cu+-Cys126 structure. Subsequently, the Cys35 from RsCox11 interacted 
with His333/334 from RsCoxI to create a transient Cys35-Cu+-His333/334 cluster. 
Finally, Cu+ is released from Cys-35 and completely integrates into the CuB site, 
which is pulled back into the membrane, as the assembly of RsCoxI continues. 
Besides the well-established role of Cox11 proteins in copper insertion into 
the CoxI subunits, they have been implicated in the oxidative stress response. 
The yeast ΔSccox11 strain, besides the respiratory deficiency, had a high 
sensitivity to N-nitrosodiethylamine and 8-hydroxyquinoline. These chemicals 
create free radicals and other reactive oxygen species (Pungartnik et al., 1999; 
Pungartnik et al., 2002). A sensitivity of the ΔSccox11 strain to hydrogen peroxide 
was also demonstrated (Khalimonchuk et al., 2007; Veniamin et al., 2011). 
However, a possible role of ScCox11 in oxidative stress response has not been 
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1.7.    Aims of the work 
Cox11 (cytochrome c oxidase 11), an ancient and conserved protein family, 
is part of a copper chaperone system in mitochondria. Based on data mainly 
obtained from studies in yeast, it is assumed that Cox11 proteins deliver Cu+ to 
the CoxI subunit of the respiratory complex IV (cytochrome c oxidase, COX). 
While members of the Cox11 protein family have been thoroughly studied in yeast 
and several other species, no experimental data about putative Cox11 members 
in plants are available. However, the known genome sequences of plant species 
have revealed loci with homology to COX11. In Arabidopsis, the locus At1g02410 
was identified as a candidate gene encoding a putative Cox11 homologue 
(AtCox11).  
The main objective of this thesis was to characterize AtCox11 and to obtain 
experimental evidence that it is a true member of Cox11 family. The focus of the 
work was to determine its function(s) in Arabidopsis, especially to provide 
evidence for the presumed role in copper insertion into AtCoxI.  
During the scope of this work, the functional homology between AtCox11 and 
the yeast ScCox11 should be addressed by a genetic complementation assay. 
The subcellular localization and the membrane topology of AtCox11 should be 
determined as well as the response of the AtCOX11 gene to different stimuli or 
stresses. Finally the impact of reduced or elevated AtCox11 levels on COX 
complex activity and the plant phenotype should be tested by generating 









2. Materials and methods 
2.1. Materials 
2.1.1. Chemicals and reagents 





2′,7′-Dichlorofluorescin diacetate D6883 
Sigma-Aldrich, 
USA 





ABsolute qPCR seals AB-1170 
Thermo Scientific, 
USA 
Acetyl-CoA 75520-41-1 BioChemica, USA 
Agar Aga03 Formedium, UK 
All primers  N/A 
Eurofins Genomic, 
Germany 
Amersham hyperfilm EC 28906837 GE Healthcare, UK 
Amicon Ultra 0.5 ml 10K  UFC501024 Millipore, USA 





Complete supplement mixture DCS1569 Formedium, UK 
Cytochrome c from equine heart  C7752 
Sigma-Aldrich, 
USA 
dNTP mix (10 mM each) N0447 
New England 
Biolabs,  USA 
Fluorescein diacetate (FDA) F-7378 
Sigma-Aldrich, 
USA 
Gateway® BP Clonase® II enzyme mix 11789-020 
LifeTechnologies, 
USA 
Gateway® LR Clonase® II enzyme mix 12538120 
LifeTechnologies, 
USA 





Glass beads A553.1 Roth, Germany 
Immobilon-P (PVDF) membrane IPVH0001 Millipore, USA 




LB LBL01012 Formedium, UK 
Metal beads (tungsten carbide, 3mm) 69997 Qiagen, Germany 
Microscope slides with 3 wells (Ø 15 - 18 




MS salts including vitamins  M0222 
Duchefa, 
Netherland 
MS salts including vitamins and MES  M0255 
Duchefa, 
Netherland 
NuPAGE antioxidant NP0005 
LifeTechnologies, 
USA 
NuPAGE LDS sample buffer (4x) NP0007 
LifeTechnologies, 
USA 
NuPAGE MOPS running buffer (20x) NP0001 
LifeTechnologies, 
USA 
NuPAGE sample reducing agent (10x) NP0009 
LifeTechnologies, 
USA 
NuPAGE transfer buffer (20x) NP0006 
LifeTechnologies, 
USA 
NuPAGE® Novex® 4-12% Bis-Tris midi 




NuPAGE® Novex® 4-12% Bis-Tris mini 









Peptone PEP03 Formedium, UK 
Percoll 17-0891-01 GE Healthcare, UK 
Phusion polymerase F-530 
New England 
Biolabs,  USA 
RedSafe nucleic acid staining solution 21141 iNtRON, Korea 
T4 DNA ligase M0202 
New England 
Biolabs,  USA 
Yeast extract  YEA03 Formedium, UK 
Yeast nitrogen base CYN0505 Formedium, UK 
Restriction endonuclease  
New England 
Biolabs,  USA 
 
List of specific chemical and reagents used in experimental work described in this thesis. 
Common and general chemicals are not listed.  
 




2.1.2. Kit systems 





Amersham ECL plus western blotting 
detection reagents 
RPN2132 GE Healthcare, UK 
Amersham ECL prime western blotting 
detection reagents 
RPN2232SK GE Healthcare, UK 
Bioxytech LPO-586  21012 
OxisResearch, 
USA 
DC protein assay kit 500-0116 Bio-Rad, USA 
DyNAmo ColorFlash SYBR green qPCR kit  F-416  
Thermo Scientific, 
USA 
Luminaris color HRM master mix K1031 
Thermo Scientific, 
USA 
MasterPure yeast RNA purification kit MPY03100 Epicentre, USA 
NucleoSpin extract II kit 740609 
Macherey-Nagel, 
Germany 
NucleoSpin® plasmid kit 740588 
Macherey-Nagel, 
Germany 
NucleoSpin® Plasmid quick pure kit 740615 
Macherey-Nagel, 
Germany 
RevertAid first strand cDNA synthesis kit K1622 
Thermo Scientific, 
USA 
RNA nano chips kit for BioAnalyser 2100 5067-1511 Agilent, USA 
RNase-free DNase set 79254 Qiagen, Germany 
RNeasy plant mini kit 74904 Qiagen, Germany 
Turbo DNA-free AM1907 
LifeTechnologies, 
USA 
YeastBuster protein extraction reagent  71186-3 Millipore, USA 
β-Gal assay kit  K1455-01 
LifeTechnologies, 
USA 








2.1.3. Molecular weight markers 





GeneRuler 1 kb plus DNA ladder SM1332 
Thermo Scientific, 
USA 
GeneRuler low range DNA ladder SM1193 
Thermo Scientific, 
USA 
HMW gel filtration calibration kit BN-PAGE 28-4038-42 GE Healthcare, UK 
MagicMark XP western protein standard LC5602 
LifeTechnologies, 
USA 
PageRuler plus prestained protein ladder SM1811 
Thermo Scientific, 
USA 
List of molecular weight markers used for agarose and SDS-PAGE gels.  
2.1.4. Equipment 
Table 4. Equipment 
Name Supplier 
BioAnalyser 2100 Agilent, USA 
C1000 thermo cycler  Bio-Rad, USA 
CFX96 Real-time system  Bio-Rad, USA 
Chemi imager ready Alpha Innotech 
Dounce homogenizer  Wheaton, USA 
Gene pulser II Bio-Rad, USA 
Hoefer slab gel dryer Amersham BioScience, UK 
Infinite M200 plate reader Tecan, Switzerland 
Mixer mill MM200 Retsch, Germany 
Nanodrop ND-1000 Peqlab, Germany 
Optima ultracentrifuge  Beckman, USA 




Perfectblue SEDEC 'semi-dry' electroblotter Peqlab, Germany 
Polycarbonate centrifugation tubes (Oak ridge) Nalgene, USA 
StandMixer STA-600 E (blender) KHG, Germany 
Ultrospec 3000 spectrophotometer Pharmacia, Sweden 
Xcell sureLock midi-cell  LifeTechnologies, USA 
Xcell sureLock mini-cell  LifeTechnologies, USA 
 
List of specific equipment used in experimental work described in this thesis. Common and 








Table 5. Antibodies 
Name Target Format Dilution Catalog No. Supplier 
αHA HA tag from human influenza hemagglutinin  
mouse, 
monoclonal  
1:1,000 11583816001 Roche, Switzerland 
αcFBPase Cytosolic fructose-1,6-bisphosphatase (A. thaliana) 
rabbit, 
polyclonal 
1:5,000 AS04 043 Agrisera, Sweden  
αCOXII Cytochrome c oxidase subunit II (A. thaliana) 
rabbit, 
polyclonal 
1:2,000 AS04 053A Agrisera, Sweden  
αCytochrome C Cytochrome c (A. thaliana) 
rabbit, 
polyclonal 
1:1,000 AS08 343 Agrisera, Sweden  
αEGFP Enhanced green fluorescent protein  
mouse, 
monoclonal  
1:1,000 11814460001 Roche, Switzerland 
αGDC-H Glycine decarboxylase complex, subunit H (A. thaliana) 
rabbit, 
polyclonal 
1:5,000 AS05 074 Agrisera, Sweden  
αmRFP Monomeric red fluorescent protein 
rabbit, 
polyclonal 
1:5,000 KCA379 Rockland, USA 












αRbcL Rubisco large subunit (A. thaliana) 
rabbit, 
polyclonal 
1:10,000 AS03 037-10 Agrisera, Sweden  
αVDAC1 




1:10,000 AS07 212 Agrisera, Sweden  
αRabbit-HRP Anti-rabbit IgG antibody linked to horseradish peroxidase donkey 1:5,000 NA934V GE Healthcare, UK 
αMouse-HRP Anti-mouse IgG antibody linked to horseradish peroxidase sheep 1:5,000 NA931OV GE Healthcare, UK 





LB media (Escherichia coli) 
LB mix  15.5 g/l 
Agar*  15 g/l 
Antibiotics for selection**: 
Ampicillin 100 μg/ml 
Chloramphenicol 34 μg/ml 
Kanamycin 30/50 μg/ml 
Spectinomycin 100 μg/ml 
Streptomycin 50 μg/ml 
Tetracyclin 12.5 μg/ml 
 
LB media (Agrobacterium tumefaciens) 
LB mix  15.5 g/l 
Magnesium sulfate – heptahydrat  2.46 g/l (final 10 mM) 
Agar*  15 g/l 
Antibiotics for selection**:  
Gentamycin 25 μg/ml 
Rifampicin 50 μg/ml 
Kanamycin 50 μg/ml 
Spectinomycin 100 μg/ml 
 
SOC media (Escherichia coli and Agrobacterium tumefaciens) (Stored at -20o) 
Peptone  20 g/l 
Yeast extract  5 g/l 
Sodium chloride  0.5 g/l (8.6 mM) 
Potassium chloride   186 mg/l (2.5 mM) 
Magnesium chloride hexahydrate 2.03 g/l (10 mM) 
Glucose 3.6 g/l (20 mM) 
 pH=7 with NaOH  
 
Plant infiltration media (Agrobacterium tumefaciens)  
MS salts including vitamins  4.4 g/l 
Sucrose  50 g/l 
MES buffer  0.5 g/l 
 pH=5.7 with KOH 
Silwet L-77 (made fresh before use) 200 μl/l 
 
YPD (Saccharomyces cerevisiae - fermentation media) 
Yeast Extract  10 g/l 
Peptone  20 g/l 
Glucose  20 g/l 
Agar*  20 g/l 




YPE / YPG / YPEG (Saccharomyces cerevisiae - respiration media)  
Yeast extract  10 g/l 
Peptone  20 g/l 
Glycerol 100%  20 ml/l 
Ethanol absolute  30 ml/l 
Agar*  20 g/l 
 
Minimal media – MM (Saccharomyces cerevisiae - selection media) 
Ammonium sulfate  5 g/l 
Yeast nitrogen base (YNB) 1.9 g/l   
Glucose  20 g/l 
Complete supplement mixture (CSM) 600 mg/l (optional) 
Agar*  25 g/l 
Amino acids for selection**: 
Adenine 60 mg/l 
Arginine 20 mg/l 
Histidine 60 mg/l 
Leucine 80 mg/l 
Lysine 30 mg/l 
Methionine 20 mg/l 
Threonine  200 mg/l 
Tryptophan 80 mg/l 
Uracil 30 mg/l 
 
Plant cultivation (MS) media (Arabidopsis thaliana) 
MS salts including vitamins  4.4 g/l 
MES buffer  0.5 g/l 
or 
MS salts including vitamins and MES  4.9 g/l 
Sucrose (2% or 1%) 20/10 g/l 
Agar*  8 g/l 
 pH=5.7 with KOH 
Antibiotics for selection**: 
Kanamycin 30/50 μg/ml 
Hygromycin B 15-25 μg/ml 
Ampicillin 100 μg/ml 
BASTA 10 μg/ml 
 
*Agar was added only for preparation of solid media and omitted in preparation of liquid 
media. 
**This is the list of all selections (antibiotics and amino acids) used and their final 
concentrations. Exact combinations depended on stains or lines used, as well as 
transformed constructs. 





2.1.7. Strains and ecotypes 
 
Table 6. Strains and ecotypes 
Escherichia coli  
Strain Genotype Reference/Source 
One Shot®  
TOP10 
F- mcrA Δ(mrr-hsdRMS-mcrBC) 
φ80lacZΔM15 ΔlacX74 recA1 
araD139 Δ(ara-leu)7697 galU galK 




F´[lacIq Tn10 (TetR)] mcrA ∆(mrr-
hsdRMS-mcrBC) Φ80lacZ∆M15 
∆lacX74 recA1 araD139 ∆(ara-
leu)7697 galU galK rpsL endA1 nupG 
LifeTechnologies 
DB3.1 
F- gyrA462 endA1 glnV44 Δ(sr1-recA) 
mcrB mrr hsdS20(rB-, mB-) ara14 galK2 
lacY1 proA2 rpsL20(Smr) xyl5 Δleu 
mtl1 
LifeTechnologies 
   
Agrobacterium tumefaciens   
Strain Genotype Reference/Source 
GV3101 C58-C1 RifR, GenR Holsters et al., 1980 
   
Saccharomyces cerevisiae  
Strain Genotype Reference/Source 
BY4741 




MATa, ade2-1, his3-1,15, leu 2,3,112, 
trp1-1, ura3-1, [rho+] 
Muroff and Tzagoloff, 
1990 
W303-1α 
MATα, ade2-1, his3-1,15, leu 2,3,112, 
trp1-1, ura3-1, [rho+] 
Muroff and Tzagoloff, 
1990 
IL 933-5c MATα, ilv5, [rho0] Wolf et al., 1973 
Y06479 
MATa, his3Δ1, leu2Δ0, met15Δ0, 
ura3Δ0, cox11::kanMX4, [rho+] 
EUROSCARF 
   




Arabidopsis thaliana  
Line Background Reference/Source 
Wild type (WT) Columbia NASC 
SALK_105793 
Col; T-DNA insertion at locus 
At1g02410, hemizygous 
Alonso et al., 2003 
SALK_003445C 
Col; T-DNA insertion at locus 
At1g02410, homozygous 
Alonso et al., 2003 
SAIL_603_G12 
Col; T-DNA insertion at locus 
At1g02410, hemizygous 
McElver et al., 2001 
SAIL_861_D09 
Col; T-DNA insertion at locus 
At1g02410, hemizygous 
McElver et al., 2001 
SAIL_683_B03 
Col; T-DNA insertion at locus 
At1g02410, hemizygous 
McElver et al., 2001 
mt-GK Col; GFP-labelled mitochondria Nelson et al., 2007 
amiRNA AtCOX11 
Col; expressing artificial micro RNAs 
against AtCOX11 mRNA  




2.1.8. Primers  
Table 7. Cloning primers 
No.  Name  Sequence (5'→ 3') 
#1 AtcDNA B1F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
TCGTGGTCGAAAGCTTG  
#2 AtcDNA B2RFus 
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCAT
TGGTTTCTTGAACTGG 
#3 AtcDNA B2Rstop 
GGGGACCACTTTGTACAAGAAAGCTGGGTTTAATT
GGTTTCTTGAACTGG 
#4 AtPr B1F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTAATGTT
TTGGGCTTAGACTTG 
#5 AtPr B2R 
GGGGACCACTTTGTACAAGAAAGCTGGGTGAAATT
ATTTTAATCTATCGACAC 
#6 SccDNA B1F  
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
ATAAGAATATGTCCC 
#7 SccDNA B2R 
GGGGACCACTTTGTACAAGAAAGCTGGGTTTAATTT
GAGTTGTCTTTCC 
#8 AtRFP B1F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
GCCTCCTCCGAGGAC 
#9 AtRFP B2R 
GGGGACCACTTTGTACAAGAAAGCTGGGTTTAGGC
GCCGGTGGAGTG 




#10 AtRNAi B1F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTGCAGT
TCAATGCTGATG 
#11 AtRNAi B4R 
GGGGACAACTTTGTATAGAAAAGTTGGGTAGTCGC
TGCTCCTCAAAGC 
#12 AtRNAi B4rF 
GGGGACAACTTTTCTATACAAAGTTGGTAATAAGAT
CTTCAACACCTAC 
#13 AtRNAi B3rR 
GGGGACAACTTTATTATACAAAGTTGCTGGAAACAC
ACAAGACAATGGAC 
#14 AtRNAi B3F 
GGGGACAACTTTGTATAATAAAGTTGAGTCGCTGCT
CCTCAAAGC 
#15 AtRNAi B2R 
GGGGACCACTTTGTACAAGAAAGCTGGGTTGCAGT
TCAATGCTGATG 
#16 AtRNAi3UTR B1F   
GGGGACAAGTTTGTACAAAAAAGCAGGCTGTGTCC
ATGTTTTTTAAGAG 
#17 AtRNAi3UTR B4R  
GGGGACAACTTTGTATAGAAAAGTTGGGTAGTGAA
TTCATTTTACCAAC 
#18 AtRNAi3UTR B3F  
GGGGACAACTTTGTATAATAAAGTTGAGTGAATTCA
TTTTACCAAC 
#19 AtRNAi3UTR B2R 
GGGGACCACTTTGTACAAGAAAGCTGGGTGTGTCC
ATGTTTTTTAAGAG 
#20 At(N) OL R 
CACCAAAACCAGTACGAGCACAAATGGCTCTATAG
AGTGGCACAGCAGCGTAAGTTAACC 
#21 Sc(C ) OL F 
TGTTGTCTTTGGTATGGTGGGGTTAACTTACGCTGC
TGTGCCACTCTATAGAGCCATTTG 
#22 Sc(N) OL R 
CTCCATATCCAGTAGCTTGGCAGAATGTTCTATACA
ATGGTACCGCTGCATATGCCAAACC 













#26 SacI-Cox11pr F 
GAAAGACAACGAGCTCGCCATAGAGGTGAAAACAC
GATC 








#29 dNLS B1 F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
TCAGTGAACAGCGAACAAC 
#30 d55-83 R 
AGAAAAGTACCGCGACGCTGCTGAAATAAAATGCA
ACCGTATGTTTTGGTTGTTCGCTG 
#31 d55-83 F 
ATTGAGAAGTTATTCAGTGAACAGCGAACAACCAAA
ACATACGGTTGCATTTTATTTCAG 
#32 dN+46-54 F1 
TCAGTGAACAGCGAACAACCAAAACATACGGTTGC
ATTTTATTTCAG 




#33 dN+46-54 F2 
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
TCAGTGAACAGCGAACAACC 
#34 dN+9aa F1 
GGTGGCGGAGGTAGTGGTGCTAGTGCAACGGTTG
CATTTTATTTCAG 
#35 dN+9aa F2 
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
GGTGGCGGAGGTAGTGGTG 
#36 d1-60 F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
CTTACTAGAAATGAAATCCAGCAATTG 
#37 d1-71 F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
TTGAAAAGAGCAAGGGAGAG 
#38 d1-76 B1 F  
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
GAGAGAAAATTTAAAGATCG 
#39 d1-81 B1 F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
GATCGTACGGTTGCATTTTAT 
#40 NuCox11 noTM F 
GAAAAGAGCAAGGGAGAGAAAATTTAAAGATCGTA
CGCCACTCTATAGAGCCATTTGTGC 

















#47 TALEN B1 F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATG
GCTTCCTCCCCTCCAA 
#48 TALEN B2 R 
GGGGACCACTTTGTACAAGAAAGCTGGGTTTAGCG
GCCGCACTGAGC 
#49 Ex3 Target5 F 
GATCTATTTTATGCTCTCGTTATTACACTCATGGAG
CTTGTAAAAGCAATGA 
#50 Ex3 Target5 R 
CTAGTCATTGCTTTTACAAGCTCCATGAGTGTAATA
ACGAGAGCATAAAATA 
#51 Ex6 Target5 F 
GATCTCTCGACATACAATGTCACTCCCATGAAGGTA
TATATATTAGCCTTGGTA 
#52 Ex6 Target5 R 
CTAGTACCAAGGCTAATATATATACCTTCATGGGAG
TGACATTGTATGTCGAGA 
#53 ATG Targer5 F GATCTCTCTTCGGCCATGTCGTGGTCGAAA 
#54 ATG Targer5 R CTAGTTTCGACCACGACATGGCCGAAGAGA 
#55 Cterm Targer5 F GATCTCACTCCAACACAAAGAGAGGTTTAGA 




#56 Cterm Targer5 R CTAGTCTAAACCTCTCTTTGTGTTGGAGTGA 
#57 pCP5 LacZ F CCGACGGCACGCTGATTGAAG 
#58 pCP5 LacZ R CGGTGTGCAGTTCAACCACCG 
 
List of primers used for cloning of all constructs described below. Underlined part of the primers 
recognizes the target sequence, while the rest is introduced as an overhang. The primer 
numbers (#) are given in the first column. These numbers were used in the result section as a 
substitute for the primer name. 
 
Table 8. Sequencing primers 
No.  Name  Sequence (5'→ 3') 
#59 M13 uni (-21) TGTAAAACGACGGCCAGT 
#60 M13 rev (-29) CAGGAAACAGCTATGACC 
#61 35S1 CTCCTACAAATGCCATCA 
#62 35S-1b GCTCCTACAAATGCCATCATTGC 
#63 Cox11 seq CCTTCCTGGAGAGCAGATTGAC 
#64 Promoter seq CCTCTGATTCGATTACGCTCG 
#65 ADHfor GCTATACCAAGCATACAATC 
#66 pAG prom R ATCAACGGTGGTATATCCAG 
#67 Ori F GGAGCTGCATGTGTCAGAGG 
#68 T7 TAATACGACTCACTATAGGG 
#69 ScCOX11prom seq TAGCACTTCAGCGCACAAAC 
#70 AttL1_seq TTGTACAAAAAAGCAGGCTACC 
#71 AttL2_seq CAACTTTGTACAAGAAAGCTGGG 
#72 T2A seq F AGATAAACTTTGAGGGCAGAGG 
#73 T2A seq R TAGGTCCCATTGGGCCAGG 
#74 pMDC7 R ACAAGCAGAACAAATGATAGAAG 
#75 RNAi seq  CAGTCGAGGTAAGATTAGATATGG 
#76 pDP1 seq p 2 ATAAAGCCAAGAATTACAGCGAT 
#77 RFP R CCTTGGTCACCTTCAGCTTG 
#78 TALEN seq 1F GCCGTTACAGTTGGACACAG 
#79 TALEN seq 2R CCAATACGGCGATTGACTC  




#80 TALEN seq 3R CAATTCAGATTTCACTAGCTGG 
#81 pCP5-LacZ R CGGCGTTAAAGTTGTTCTGC 
#82 pCP5 seq AAAGCAGGCTGGGAAGCATATTTG 
#83 pCP5-LacZ seq TGCTGCATAAACCGACTACAC 
 
List of primers used for sequencing. The primer numbers (#) are given in the first column. 
These numbers were used in the result section as a substitute for the primer name. 
 
Table 9. Screening and other specific primers 
T-DNA insertion screening primers 
No.  Name  Sequence (5'→ 3') 
#88 Cox11 5UTR F GTGTCTGTGTCTCACTGTGTCG 
#89 Cox11exon5big R CTTCATGGGAGTGACATTGTATGTCGAGAC 
#90 AtCox11 5UTR R GGGAGGGAGATCAAAGAC 
#91 AtCox11 genF2 GAGGATCACGATAGCCATGAGG 
#92 AtCox11 int1 R CCAATTTCTCCCTTCCGCAACC 
#93 Left B F  GCATCTGAATTTCATAACCAATCTCGATACAC 
#94 pROK2 LBb2 GCGTGGACCGCTTGCTGCAACT 
Yeast gene - specific primers 
#95 Shy1 F TCACCTATAACGCCGACTACTG 
#96 Shy1 R TGTGCCATATCCGAATCATTGTAG 
#97 Cox14 F GCTTTGCTTCTCCTTCCTTGC 
#98 Cox14 R AACCAGCACACTACGTCGATG 
#99 Cox25 F CGGTGACAGACAAAGCAGTG 
#100 Cox25 R GGAGAGAAGAACAGCGCAAAG 
#101 Coa1 F CGGATGCGTTGTTAGTAGCTC 
#102 Coa1 R TTGACAGCTTACGGCCACAC 
#103 Coa2 F TGCACGATAACATAAGCACCTC 
#104 Coa2 R CACACCAGATGCTTACCCATAC 
#105 Cox4 F TTCCCTGTCACTTTCCTTTAGTC 
#106 Cox4 R GCCTTAACCTTCCTGCAAAGAAC 
#107 Cox5a F CTCGTTTGTGATTGGCCCTAC 
#108 Cox5a R TCGTACAGGTCACAGACTAGC 




#109 Cox1 E1 F AATATATTATTATCCTTTAAGATATAAC 
#110 Cox1 E1 R CCCTACTGAGTTAGTCATATG 
#111 Cox1 E2 F ATATGGAAAGCCGTATGATGG 
#112 Cox1 E2 R ATCGGACAGTTCTTACCTTGC 
#113 Cox1 E3 F AATATGCGTTAAATGGAGAGCC 
#114 Cox1 E3 R AAATACTACAACAATTAACGGTC 
#115 Cox1 E4 F TGAAACAAAGTAAGTGAAGGAG 
#116 Cox1 E4 R TCTTGTAGTCTCTGAGGATC 
#117 Cox1 E5 F TCTGATTCAATACAATATAAAGCATG 
#118 Cox1 E5 R ATTTCTATTTGATCTTGGATAAATATC 
#119 Cox1 E6 F AATATTCGACCTCTTAATTGAGG 
#120 Cox1 E6 R TTCACGTTTAGTCTCTACAATAC 
#121 Cox1 E7 F ATTAATAAACTTCATTATAACAATATCG 
#122 Cox1 E7 R ACAGCTTAGCATATTTATGTTACC 
#123 Cox1 E8 F AATATTAAAAGATATTGCGTGAGCC 
#124 Cox1 E8 R TATATTATAGTTCCCGAAAGGAG 
TALENs and ZFN primers 
#125 ATG F AGTAATGTAATCTGGGTTCGTG 
#126 ATG R TTGGATACTGAGATGTTCGATG 
#127 Cterm F GTAAACAGGGAGATTGTGGTGC 
#128 Cterm R GCACTTTCTCCTGGCTTTACTC 
#129 TE3 F CGCATGAACTGTTTGTTAAAATTCC 
#130 TE3 R CTCCATGAAGAAGAGCTTCC  
#131 TE6 F2 CTCAAGAAGAATGTTGAGACG 
#132 TE6 R3  TCAATCTGCTCTCCAGGAAGG  
#133 TE3 Fb CATGAACTGTTTGTTAAAATTCCTCAAAG 
#134 TE3 Fc AACTGTTTGTTAAAATTCCTCAAAGAG 
#135 TE3 Fd TTGTTAAAATTCCTCAAAGAGAAGTTC 
#136 TE3 Rb CCATGAGTGTAATAACGAGAGC 
#137 TE3 NRM F AGTTTTATAGAATTAAGTTTGTGAGAAATG 
#138 TE3 NRM R CTTCCCCAAAATACTCTCTTGC 
#139 TE6 NRM F TGGTTTTGGTACTTTCTTATAGGTTAG 
#140 TE6 NRM R GACCAATCTATGTTCTATGGGAAG 




#141 TE6 NRM Fb ATTTTACACTGCTGAAAACAAAAGTTC 
#142 ZFN F CCACTGCTTACTGGCTTATCG 
#143 ZFN R AACAACAGATGGCTGGCAAC 
#144 TAL col F TGTAATGGAGCTGTTCTTAGTGTAG 
#145 FokI F GCTGGTACATTGACACTTGAGG 
#146 402omega R CGCGCCTAATTCAGCCTAATG 
#147 MDC32 R CAATACGCAAACCGCCTCTC 
 
List of primers used for screening and other specific PCR reactions. The primer numbers (#) 
are given in the first column. These numbers were used in the result section as a substitute 
for the primer name. 
 
2.1.9. Plasmids  
Table 10. Empty plasmids  
No. Name Characteristics  Reference/Source 
Escherichia coli 
P1 pDONR221 P1-P2 attP, ccdB, CmR, KmR, pUC LifeTechnologies 
P2 pDONR221 P1-P5r attP, ccdB, CmR, KmR, pUC LifeTechnologies 
P3 pDONR221 P5-P2 attP, ccdB, CmR, KmR, pUC LifeTechnologies 
P4 pDONR221 P1-P4 attP, ccdB, CmR, KmR, pUC LifeTechnologies 
P5 pDONR221 P4r-P3r attP, ccdB, CmR, KmR, pUC LifeTechnologies 
P6 pDONR221 P3-P2 attP, ccdB, CmR, KmR, pUC LifeTechnologies 





attR, ccdB, CmR, AmpR, BR322, 
CEN, LEU2, ADH promoter 




attR, ccdB, CmR, AmpR, BR322, 





attR, ccdB, CmR, AmpR, BR322, 
2μ, LEU2, GPD promoter 
Alberti et al., 2007 







attR, ccdB, CmR, AmpR, BR322, 





attR, ccdB, CmR, AmpR, BR322, 
CEN, URA3, GPD promoter 




attR, ccdB, CmR, AmpR, BR322, 
CEN, URA3, ADH promoter 
This work 
Arabidopsis thaliana  
P14 pMDC7 
attR, ccdB, CmR, SpecR, BR322, 




attR, ccdB, CmR, KmR, pBR322, 




attR, ccdB, CmR, KmR, pBR322, 




attR, ccdB, CmR, SpecR, BR322, 
pVS1, 35S promoter, HygRplant  
Nakagawa et al., 2007 
P18 pGWB514 (3HA tag) 
attR, ccdB, CmR, SpecR, BR322, 
pVS1, 35S promoter, HygRplant,   




attR, ccdB, CmR, SpecR, BR322, 
pVS1, no promoter, HygRplant,  




attR, ccdB, CmR, SpecR, BR322, 
pVS1,35S promoter, HygRplant,  
Nakagawa et al., 2007 
P21 pGWB402Ω 
attR, ccdB, CmR, SpecR, BR322, 
pVS1, 2x35S promoter, HygRplant,   
Nakagawa et al., 2007 
 
List of empty plasmid used. Basic information and plasmid sources are also listed. The plasmid 
numbers (P) are given in the first column. These numbers were used in the result section as a 
substitute for the plasmid name. 
 
Table 11. Other plasmids  
No. Name Characteristics  Reference/Source 
P22 pENTR223-AtCOX11 
Plasmid carrying full-length ORF 
cDNA clone of AtCOX11 
Kayoko et al., 2003 
P23 pSJ55 
AmpR, 2μ, HIS3, mt-DsRED under 
TPI promoter  
Jakobs et al., 2003 
P24 pCP5 
attR, ccdB, CmR, KmR, 2μ, URA3, 
TRP1, GPD promoter 
Cermak et al., 2011 




Cermak et al., 2011  
P26 pTAL_HA_Cox11_2 TetR, pBR322 
P27 pTAL_HA_Cox11_3 TetR, pBR322 




P28 pTAL_HA_Cox11_4 TetR, pBR322 
P29 pTAL3_ Cox11-1 AmpR, pBR322, CEN, HIS3 
P30 pTAL4_ Cox11-2 AmpR, pBR322, CEN, HIS3 
P31 pTAL3_ Cox11-3 AmpR, pBR322, CEN, HIS3 
P32 pTAL4_ Cox11-4 AmpR, pBR322, CEN, HIS3 
P33 pMLM290 AmpR, pBR322 Miller et al., 2007 
P34 pMLM292 AmpR, pBR322 Miller et al., 2007 
P35 pMLM800  AmpR, pBR322 Miller et al., 2007 





















Basic information and plasmid sources are also listed. The plasmid numbers (P) are given in 
the first column. These numbers were used in the result section as a substitute for the plasmid 
name. 
 
Table 12. Plasmids generated in this thesis 








V1 pDONR221-AtCOX11fus P1 P221 
PCR, 
BP 
#1, #2 #59 
V2 pDONR221-AtCOX11 prom P1 gDNA A. t.1 
PCR, 
BP 
#4, #5 #59 
V3 pDONR221-RFP P1 P191 
PCR, 
BP 
#8, #9 #59 
V4 pDONR221-P1P4-RNAiA P4 P221 
PCR, 
BP 
#10, #11 #59 
V5 pDONR221-P4rP3r-Int P5 gDNA A. t.1 
PCR, 
BP 
#12, #13 #59 
V6 pDONR221-P3P2-RNAiAP P6 P221 
PCR, 
BP 
#14, #15 #59 




V7 pDONR221-P1P4-3UTRA P4 P221 
PCR, 
BP 
#16, #17 #59 
V8 pDONR221-P3P2-3UTRAP P6 P221 
PCR, 
BP 
#18, #19 #59 
V9 pDONR221-AtCHYM*1 P1 







V10 pDONR221-ScCHYM*1  P1 







V11 pDONR221-ScCox11s P1 gDNA S.c.1 
PCR, 
BP 
#24, #7 #59 
V12 pDONR221-ScCox11ns P1 V221 
PCR, 
BP 
#25, #28 #59 
V13 pDONR221-AtCHYM ns P1 V91 
PCR, 
BP 
#1, #28 #59 
V14 pDONR221-ScHYM ns P1 V101 
PCR, 
BP 
#25, #2 #59 
V15 pGWB502-AtCOX11*2 P17 P222 LR   
#61 
#63 
V16 pGWB514-AtCOX11-3HA P18 V12 LR   
#61 
#63 
V17 pGWB554-AtCOX11-RFP P19 V12 LR   
#61 
#63 
V18 pGWB502-RFP P17 V32 LR   #61 
V19 pMDC163-AtCOX11::GUS*3  P16 V22  LR   #64 
V20 pMDC7-RNAi P14 
V42, V52, 
V62 
LR   
#74 
#75 
V21 pMDC7-RNAi 3UTR P14 
V72, V52, 
V82 
LR   
#74 
#75 
V22 pAG415ADH-ScCOX11 P8 V112 LR   #65 
V23 pAG415ADH-AtCOX11 P8 P222 LR   
#63 
#65 
V24 pAG415ADH-AtCHYM P8 V92 LR   
#65 
#76 
V25 pAG415ADH-ScCHYM P8 V102 LR   #65 
V26 pAG415COX11-ccdB-3HA*4 P8 gDNA S.c.1 
PCR, 
Res.Lig. 
















V29 pAG415ADH-ScCOX11-3HA P8 V122 LR  #65 




V30 pAG415ADH-AtCOX11-3HA P8 V12 LR  #65 
V31 pAG415ADH-AtCHYM-3HA P8 V132 LR  #65 
V32 pAG415ADH-ScCHYM-3HA P8 V142 LR  #65 
V33 pAG415COX11-ScCOX11 P9 V112 LR  #69 
V34 pAG415COX11-AtCOX11 P9 P222 LR  #69 
V35 pAG415COX11-AtCHYM P9 V92 LR  #69 
V36 pAG415COX11-ScCHYM P9 V102 LR  #69 
V37 pAG425ADH-ScCOX11 P11 V112 LR  
#65 
#76 
V38 pAG425ADH-AtCOX11 P11 P222 LR  #65 
V39 pAG425ADH-AtCHYM P11 V92 LR  #65 
V40 pAG425ADH-ScCHYM P11 V102 LR  #65 








































































V53 pMDC32-TALEN 1 P15 V492 LR  
#70 
#79 
V54 pGWB402Ω-TALEN 2 P21 V502 LR  
#70 
#79 
V55 pMDC32-TALEN 3 P15 V512 LR  
#70 
#79 
V56 pGWB402Ω-TALEN 4 P21 V522 LR  
#70 
#79 
V57 pAG415ADH-TALEN 1 P8 V492 LR  
#65 
#79 
V58 pAG416ADH-TALEN 2 P13 V502 LR  
#65 
#79 
V59 pAG415ADH-TALEN 3 P8 V512 LR  
#65 
#79 
V60 pAG416ADH-TALEN 4 P13 V522 LR  
#65 
#79 
V61 pAG415ADH-ZFN_ATG P8 V452 LR  #65 
V62 pAG415ADH-ZFN_Cterm P8 V462 LR  #65 
















V67 pCP5-LacZ*7 P24 P24 
PCR, 
Lig. 
#57, #58 #83 
Column 1 shows the vector (V) numbers, which were used as the short name in this work. 
Column 2 lists the names of the created constructs. Notes: *1 Created with overlap PCR, *2 
P22 was cut with BlpI prior to LR reaction, *3 V2 was cut with EcoRV before LR reaction, *4 
created by Oskar Uchanski (TU Dresden), *5 created by Jan Käsler (TU Dresden), *6 Inserts 
were introduced by oligonucleotide insertion cloning, *7 The backbone was amplified with 
primers facing away from insert and ligated. Column 3 Plasmid-backbone (PBB) describes the 
empty plasmid that was used for insertion or recombination. P numbers denote empty plasmids 
Column 4 describes the source of DNA for generation of the inserts and the method (1 DNA 
was used as template in PCR, 2 DNA (pDONR) was used in LR recombination, 3 Insert was cut 
out of vector by restriction digestion). Column 5 lists the DNA manipulation methods that were 
used (PCR, BP and LR recombination reactions, restriction digestion (Res.) and ligation (Lig.)). 
Column 6 lists the primers (Table 7) that were used for PCR reaction or the restriction enzymes 
used. Column 7 list which the primers (Table 8) that used for sequencing of the constructs. 
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2.2. Methods  
2.2.1. Culture conditions 
E. coli strains were cultured at 37°C (shaking at 180 rpm for liquid culture) 
overnight, while for A. tumefaciens strains the temperature of 28°C was used. 
Agrobacterium was cultured in the dark due to light sensitivity of the selection 
antibiotic Rifampicin. Agrobacterium was usually cultured for 2-3 days.  
S. cerevisiae strains were cultured at 30°C with shaking at 180 rpm for liquid 
cultures. In liquid YPD and minimal media, cells were cultured approximately for 
16 h, while on solid plates for 48 h. On solid respiratory media cells, were usually 
cultured for 4 days (in some cases up to 30 days).  
Arabidopsis thaliana was cultured under varying conditions depending upon 
the experiment. In general, plants were cultured either on sterile MS+Suc (MS 
media with 1% or 2% of sucrose) plates or on soil (Einheitserde, type P, Pätzer, 
Sinntal-Jossa, Germany; mixed with sand 10:1, fertilized by watering with 0.1% 
(v/v) Wuxal Basis, Aglukon). For sterile cultivation on MS+Suc plates, seeds were 
surface sterilized with 70% (v/v) ethanol for 5 min, followed by 20-min incubation 
with sterilization solution (2/3 water; 1/3 DanKlorix, Colgate-Palmolive, Germany; 
0.5% (v/v) Tween-20). Subsequently, seeds were washed 3 times with sterile 
dH2O, resuspended in 0.1% (w/v) agarose, and spread on MS+Suc plates. 
Seedlings were cultured on plates for 10-14 days, and then either used directly 
or transferred to soil. For some experiments, Arabidopsis seedlings were cultured 
in liquid MS+Suc media (50 mg seeds in 50 ml media) in sterile flasks with 
shaking at about 100 rpm for about 14 days, either under long-day conditions or 
in the dark.  
Plants were cultured under standard conditions: light intensity of 
150 μmol m-2 s-1 and relative humidity of 35% and day/night temperatures of 
21/19°C, respectively. Two types of day/night cycles were used: long day (16-h 
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2.2.2. DNA manipulation  
2.2.2.1. DNA isolation 
2.2.2.1.1. E. coli plasmid DNA isolation 
Plasmids from E. coli cells were purified with the NucleoSpin plasmid kit. 
Isolation was performed as instructed by the manufacturer from 3 - 4 ml (high 
copy plasmids) or 6 - 8 ml (low copy plasmids) of overnight E. coli culture. Pure 
plasmids were eluted with 50 μl of “AE” buffer. DNA amount and purity was 
assessed with the Nanodrop spectrophotometer.  
2.2.2.1.2. S. cerevisiae plasmid DNA isolation 
Yeast strains carrying the plasmid of interest were inoculated in 10 ml of 
minimal media and grown for approximately 36 h. Cells were collected by 
centrifugation (12,000 g/ 30 s/ RT) and resuspended in 200 μl of lysis buffer 
(10 mM Tris-Cl pH 8, 1 mM EDTA, 100 mM NaCl, 1% SDS, 2% Triton X-100). To 
this yeast suspension, 0.3 g of glass beads and 200 μl of phenol-chloroform were 
added. The mixture was vortexed for 1 min, shock frozen in liquid nitrogen and 
thawed at RT (twice). The mixture was centrifuged for 5 min at 12,000 g/ RT, and 
the upper (aqueous) phase was transferred to a new reaction tube. One volume 
of isopropanol was added and after mixing, the solution was centrifuged 
(18,000 g/ 5 min/ 4°C). The pellet was washed with 70% ethanol and centrifuged 
again (18,000 g/ 5min/ 4°C). After the ethanol was removed the pellet was dried 
and finally resuspended in 20 μl of ddH2O. Of this 5 μl of the DNA was dialyzed 
and electroporated into E. coli to amplify the plasmids. The DNA amount and 
purity was assessed with the Nanodrop spectrophotometer. 
2.2.2.1.3. S. cerevisiae genomic DNA isolation 
YPD media was inoculated with yeast strains and cultured for approximately 
16 h. Cells were collected from 2 ml of culture by centrifugation (13,000 g/ 1 min/ 
RT). Cells were resuspended in 250 μl of “A1” buffer (NucleoSpin® Plasmid quick 
pure kit) and the same volume of glass beads was added. Cell disruption was 
achieved using the Mixer mill 200 for 3 min and 30 cycles per s. Following this, 
250 μl of solution “A2” (NucleoSpin® Plasmid quick pure kit) were added. Further 
steps in DNA purification were performed as instructed in the NucleoSpin® 
Plasmid quick pure kit manual. Finally, DNA was eluted in 30 μl of “AE” buffer. 
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The DNA yield, was low but quality was suitable for PCR amplification. The DNA 
amount and purity were assessed with the Nanodrop spectrophotometer. 
2.2.2.1.4. A. thaliana genomic DNA isolation  
One to two young Arabidopsis leaves (grown on soil, approximately 
6-7 weeks old) were added to 1.5 ml reaction tube with one metal bead and 400 μl 
Thompson buffer (200 mM Tris-Cl pH=8, 250 mM NaCl, 25 mM EDTA, 0.5% 
SDS). Tissue was homogenized in the Mixer mill for 2 min with 30 cycles per s. 
Following this, the samples were centrifuged for 2 min at 750 g/ 4°C, in order to 
remove most of the foam. 300 μl of the supernatant were mixed with the same 
volume of isopropanol and centrifuged for 10 min at 18,000 g/ 4°C. The DNA 
pellet was washed once with 500 μl of 70% ethanol and centrifuged again for 
5 min at 18,000 g/ 4°C. After the ethanol was removed, the pellet was dried at RT 
and resuspended in 30 μl ddH2O. Due to the relatively crude DNA preparation 
and significant RNA contamination, the concentration of DNA could not be 
determined. Nonetheless, DNA obtained with this protocol was directly used for 
PCR.    
2.2.2.1.5. DNA gel extraction and reaction clean-up 
After agarose gel electrophoresis, desired bands were excised from the gel 
and the DNA extracted with the NucleoSpin extract II kit, according to 
manufacturer instructions. DNA from various reactions (PCR, restriction 
digestion) was cleaned up with the same kit. Pure DNA was eluted in 15 μl of 
“NE” buffer. The DNA amount and purity was assessed with the Nanodrop 
spectrophotometer. 
2.2.2.2. Polymerase chain reaction (PCR) 
2.2.2.2.1. Standard PCR 
Phusion polymerase. For all cloning PCR reactions, the Phusion 
high-fidelity DNA polymerase was used to ensure the minimal number of 
mutations. A standard reaction (volume 50 μl) included: 1x Phusion HF buffer, 
200 μM of each dNTP, 0.4 μM (each) forward and reverse primer, template (~5 ng 
for plasmid DNA and up to 100 ng for genomic DNA (gDNA)), 3 - 5% DMSO 
(optional), and 0.02 U/μl Phusion polymerase. Two types of cycling conditions 
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were used: one- and two-cycles protocols. One-cycle protocols were used when 
primers did not carry overhangs, so the annealing temperature (X) was adjusted 
for the full length of the primer. Extension time (Z) was adjusted according to the 
length of the amplicon (~20 s/kb). The one-cycle protocol was set as: 1x [98°C/ 
30 s], 35x [98°C/ 10 s; X°C/ 30 s; 72°C/ Z s], 1x [72°C/ 5 min]. The two-cycle 
protocol was used with primers including overhangs. In the first part, annealing 
temperature (X) was adjusted for the part of the primer that recognized the 
template, while in the second part the annealing temperature (Y) was adjusted 
for the whole primer (usually 65°C). The two cycle-protocol was: 1x [98°C/ 30 s], 
10x [98°C/ 10 s; X°C/ 30 s; 72°C/ Z s], 25x [98°C/ 10 s; Y°C/ 30 s; 72°C/ Z s], 1x 
[72°C/ 5 min].  
Taq polymerase. For all screening and check-PCR reactions, normal Taq 
polymerase (prepared in-house) was used. A standard reaction (volume 25 μl) 
included: 1x GoldTaq buffer (10x buffer: 0.75 M Tris-Cl pH 8.8, 0.2 M (NH4)2SO4, 
10% Tween 20), 1 mM MgCl2, 200 μM dNTPs (each), 0.4 μM (each) forward and 
reverse primer, template (~5 ng for plasmid DNA, and up to 100 ng for gDNA), 
and 0.026 U/ μl Taq polymerase. Standard cycling conditions for the Taq 
polymerase were used (melting temp. 95/ 94°C, extension temp. 72°C). 
Annealing temperature and step times were varied depending on the primer’s Ta 
and amplicon size. Ta for primers were calculated based on the formula: 
Ta=64.3°C+0.41GC%-650/PL (GC% - GC content of the primer; PL – primer 
length). 
Overlap PCR. In cases where two DNA fragments had to be joined without 
any additional nucleotides (protein coding regions), overlap PCR was used as 
described in Pogulis et al., (1996). 
Primer extension PCR. This modified PCR protocol was used when it was 
required to add small extensions on either the 5’- or 3’-side of the sequence of 
interest. In this protocol, two or more sets of overhang primers were used. Each 
successive set recognized the end of the previous set and extended the length 
of the product. In the first step, a standard 50-μl PCR reaction with Phusion 
polymerase and 0.2 μM of first set of forward and reverse primers was prepared. 
Amplification was performed with the following cycling parameters: 1x [98°C/ 2 
min], 10x [98°C/ 15 s; X°C/ 30 s; 72°C/ Z s], 1x [72°C/ 5 min]. In the second step, 
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10 μl of the first PCR reaction was mixed with 40 μl of new PCR mix with 0.8 μM 
of second set of primers. This reaction was amplified with the following cycling 
parameters: 1x [98°C/ 1 min], 5x [98°C/ 15 s; 45°C/ 30 s; 72°C/ Z s], 25-30x 
[98°C/ 15 s; Y°C/ 30 s; 72°C/ Z s], 1x [72°C/ 5 min]. Annealing temperatures (X, 
Y) and extension times (Z) were adjusted appropriately.  
2.2.2.2.2. Reverse-transcription PCR (RT-PCR) 
RT-PCR was performed with the Taq polymerase in standard 25-μl reactions 
(described above). As a template, 1 μl of cDNA reaction (500 ng of yeast RNA 
reverse-transcribed in a 20-μl reaction) was used. The PCR was run with the 
standard cycling condition (1x [95°C/ 2 min], 35x [94°C/ 20 s; X°C/ 30 s; 72°C/ 
60 s], 1x [72°C/ 5 min]). The optimal annealing temperature for all primer pairs 
was determined experimentally.  Primer sequences and Ta’s are listed in the 
Table 17 (Appendix). Beta-tubulin was used as a housekeeping gene. 
2.2.2.2.3. Quantitative PCR (qPCR) 
qPCR, used for quantification of mRNAs, is a variation of Real-time RT-PCR. 
For all qPCR reactions, a DyNAmo ColorFlash SYBR Green qPCR kit was used. 
All reactions were run in triplicate. 10 μl of 2x Master mix (including primers, 0.2 μl 
per primer per reaction) were mixed with 10 μl of a 50-fold dilution of cDNA 
reactions (pre-mixed with yellow buffer to a concentration of 2x of the buffer). The 
optimal final concentration for each primer pair was determined based on 
standard curves and primer stocks with appropriate concentrations were used in 
further reactions. The efficiency of each primer pair was determined from 
standard curves. Standard curves were generated by running triplicates of serial 
dilutions of WT cDNA (10 μl of Master mix with primers were mixed with 10 μl of 
a 10/ 30/ 90/ 270 times dilution of WT cDNA). Primer pair efficiencies, final 
concentrations, as well as primer sequences are listed in the results section 
(Table 16). Following cycling conditions were optimized for the AtCOX11 primer 
pair and used in all reactions: 1x [95°C/ 8 min], 40x [95°C/ 10 s; 60°C/ 20 s; 72°C/ 
15 s, plate read], 1x [95°C/ 10 s], melting curve from 65°C to 95°C with 
temperature ramp of 0.5°C/ 5 s. The qPCR reactions were run in white 96-well 
“low profile” PCR plates, non-skirted, and sealed with ABsolute qPCR seals.  For 
all reactions, a C1000 thermo cycler and CFX96 Real-time system from Bio-Rad 
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were used. All data were analyzed with Bio-Rad CFX Manager 3.1 software. 
ACT2 and PP2AA3 were used as house-keeping genes for normalization.  
2.2.2.2.4. High resolution melt (HRM) 
HRM is a variation of Real-time PCR with a modified melting curve protocol. 
By analyzing the high resolution melting curves of different DNA samples, small 
sequence differences can be determined. HRM was performed based on 
instructions from Thermo Scientific and Bio-Rad with a Luminaris color HRM 
master mix from Thermo Scientific. HRM was performed in the same plates and 
the same Real-time system as specified for qPCR. For all samples a single 20 μl 
reaction (10 μl of 2x Master mix and 10 μl of Arabidopsis gDNA (2.5 ng/ μl), final 
primer concentration: 0.5 μM each) was run. Cycling conditions were optimized 
for the used primers #137-141 (Table 9) and were as following: 1x [95°C/ 10 min], 
40x [95°C/ 10 s; 60°C/ 30 s; 72°C/ 30 s, plate read], 1x [95°C/ 30 s], 1x [60°C/ 
30 s], melting curve from 70°C to 85°C with temperature ramp of 0.2°C/ 2 s. 
Obtained data was exported and analyzed in Microsoft Excel. Firstly, all curves 
were normalized on Y-axes (Fluorescence in relative fluorescence units (RFU)), 
from 0 (minimal value) to 100 (maximal value). The normalized curves were 
further subtracted from the standard and represented on a difference plot. Any 
differences in curves of DNA samples compared to the standard DNA curve 
represent DNA sequence variations between samples.  
2.2.2.3. DNA agarose gel electrophoresis 
Separation and analysis of DNA fragments were performed with standard 
agarose gel electrophoresis. DNA fragments were separated in horizontal gels of 
varying agarose content (0.8% - 2.5%). All gels contained 1x RedSafe solution 
for DNA staining and visualization. Electrophoresis was run either in TAE buffer 
(40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH 8), which separates larger 
fragments better or in TBE buffer (89 mM Tris, 89 mM Boric acid, 1 mM EDTA 
pH 8), which separates smaller fragments better. Before loading, DNA samples 
were mixed with 6x loading buffer (29.6% (v/v) glycerol, 0.1 M EDTA pH 8, 
0.002% (w/v) Bromophenol blue). Gels were run at approximately 10 V/cm until 
the dye front passed 2/3 of the gel. In each run, parallel to samples, standard 
ladders were run (0.6 μg/lane), either the “GeneRuler 1 kb Plus” (wide range) or 
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“Low Range DNA ladder”. DNA fragments were visualized with the Chemi Imager 
Ready from Alpha Innotech.  
2.2.2.4. DNA sequencing 
All DNA sequencing was performed by the commercial supplier Eurofins 
Genomic, Germany. The DNA concentration for plasmids was 75 ng/ μl (15 μl 
final volume), while for PCR fragments it was 5-10 ng/ μl (15 μl final volume). 
Either general primers (provided by the company) or specific primers (final 
concentration 10 μM) were used.  
2.2.2.5. Cloning  
Cloning steps were performed in different E. coli strains (Table 6). Strain 
DB3.1 was used for amplification of all vectors that carried the ccdB killing gene, 
as this strain is resistant to the ccdB gene. Top10 and Top10’ strains (susceptible 
to ccdB gene) were used for all other vectors to allow the ccdB selection. 
2.2.2.5.1. GateWay cloning 
Most constructs used in this work were generated with the help of the 
GateWay technology from LifeTechnologies. All steps and reactions were 
performed as instructed by the manufacturer.  In short, the cloning process (which 
is based on the life cycle of the λ phage) begins with an introduction of attB 
recombination sites next to the fragment of interest. This can be achieved by PCR 
with primers that carry attB sites in the overhangs. In case of cloning fragments 
for protein expression, the Kozak sequence (ACCATG) can also be introduced 
with a forward primer. These PCR products can be recombined via BP reaction 
into shuttle vectors (pDONR221) that carry attP sites. This reaction creates entry 
clones which have attR sites made by recombination of P and B sites. Further 
on, the entry clone, with the fragment of interest can be recombined (via LR 
reaction) into destination vectors, which carry attL sites. Destination vectors can 
have different promoters upstream from the recombination site for gene 
expression or different tags for C- or N- terminal protein tagging. Specific mixtures 
of enzymes (BP II and LR II clonase) are used to perform these recombination 
reactions. Only one fragment can be inserted into the destination vectors in the 
standard protocol. However, the use of a set of special shuttle pDONR vectors 
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(with modified attP sites) allows a simultaneous recombination of several 
fragments (2 - 4, each in individual pDONR221 vectors) into one destination 
vector. This is called multisite gateway and requires the use of LR II plus Clonase. 
AttB sites can also be introduced by cloning (restriction/ ligation) the fragment of 
interest into pENTR vector with attB sites. This was done in the case of 
pENTR223-AtCOX11, where the full-length ORF of AtCOX11 cDNA clone was 
introduced into pENTR223 (Kayoko et al., 2003). This pENTR223-AtCOX11 was 
directly used for LR reactions. In cases where the destination vector had the 
same antibiotic selection marker as pDONR (Km) or pENTR (Spc) vectors, 
pDONR/ ENTR vectors were cut by restriction enzymes outside of the fragment 
of interest prior to the LR reaction.  This ensured that E. coli could not be 
transformed by non-recombined pDONR/ ENTR vectors. According to the 
Gateway manual, the final volume for BP and LR reactions is 10 μl, however, this 
can be scaled down to a 2.5 μl volume without losing reaction efficiency.   
2.2.2.5.2. Restriction / ligation cloning  
All restriction-digestion reactions were performed with New England BioLabs 
(NEB) restriction enzymes according to the manufacturer’s instructions. 
Fragments were separated by agarose gel electrophoresis and purified from the 
gel. Inserts and vector backbones were mixed in a 3:1 molar ratio of and ligated 
with T4 ligase (NEB) in the appropriate buffer for 16 h at 16°C.  
Oligonucleotide insertion cloning. When it was required to insert very 
small fragments into the vector backbone (up to 60 bp), inserts were created by 
hybridisation of the complementary oligonucleotides. They were designed in such 
a way that once hybridized, oligonucleotides would create dsDNA with overhangs 
that were complementary to the overhangs in the vector backbone created by 
restriction digestion. Oligonucleotides were resuspended in water to a 
concentration of 1 μg/ μl, mixed in equal ratios and hybridized. The hybridization 
conditions were:  95°C/ 10 min, 95°C to 85°C (-2°C/ s), 85°C/ 1 min, 85°C to 75°C 
(-0.3°C/ s), 75°C/ 1 min, 75°C to 65°C (-0.3°C/ s), 65°C/ 1 min, 65°C to 55°C 
(-0.3°C/ s), 55°C/ 1 min, 55°C to 45°C (-0.3°C/ s), 45°C/ 1 min, 45°C to 35°C 
(-0.3°C/ s), 35°C/ 1 min, 35°C to 25°C (-0.3°C/ s), 25°C/ 1 min, 4°C hold. After 
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hybridization, oligonucleotides were mixed with precut plasmid backbone in a 3:1 
molar ratio and ligated for 16 h at 16°C. 
2.2.3. Transformation 
2.2.3.1. Bacteria transformation  
Preparation of electrocompetent bacteria cells. A 10-ml pre-culture was 
inoculated with bacteria strains (E. coli or A. tumefaciens) and grown overnight. 
The main 400-ml culture (LB media + selection antibiotic) was inoculated with 
1/100 dilution of pre-culture and grown until OD600nm= 0.5 - 0.8 was reached, 
cooled on ice for 30 min, and then cells were harvested by centrifugation (2,800 g/ 
10 min/ 4°C). Cells were washed twice with ice-cold ddH2O (first with 400 ml and 
afterwards with 200 ml) and centrifuged under the same conditions.  In the final 
washing step, cells were resuspended in 200 ml of ice-cold 10% (v/v) glycerol 
and centrifuged again. Finally, the cells were resuspended in 2-3 ml of 10% 
glycerol and divided into 40-μl aliquots and stored at -80°C. 
Electroporation. Prior to transformation, DNA samples were dialyzed for 30 
min against ddH2O with the Millipore VS membrane (pore diameter 0.025 μm). 
Aliquots of electro-competent bacteria were thawed on ice. Subsequently, 
dialyzed salt-free DNA samples were mixed with the bacteria and transferred to 
an electroporation cuvette. Electroporation was achieved in an electroporator 
with the following settings: voltage 2.5 kV, capacitance 25 μF, and resistance 200 
Ω. In order to allow for cell recovery after electroporation, cells were resuspended 
in 1 ml of SOC media (without selection) and shaken (180  rpm) at the appropriate 
temperature for 1 h. Afterwards, either all or part of the cells were spread on 
selection LB plates and cultured at the appropriate temperature.   
Chemical transformation. Part of the BP and LR recombination reactions 
were transformed into commercially acquired One Shot TOP10 chemically 
competent cells (LifeTechnologies) according to the manufacturer’s instructions. 
2.2.3.2. Yeast transformation 
Yeast cells were transformed essentially as described in Gietz and Schiestl, 
(2007). All steps were performed under sterile conditions. Yeast strains for 
transformation were cultured overnight in YPD media. In the morning, the culture 
was diluted to an OD600 of 0.5 and grown to an OD600 of 2 (about 3 - 5 h). Cells 
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from 1.5 - 2 ml of the culture were harvested by centrifugation (13,000 g/ 15 s/ 
RT) and washed once with sterile dH2O. After another centrifugation cells were 
washed once with 100 mM lithium acetate (LiAc) and spun down again.  Over the 
pellet, the following components were added in this order: 240 μl 50% PEG 
(3350), 36 μl 1 M LiAc, 10 μl single stranded DNA (from herring sperm, 10 mg/μl), 
1-5 μl plasmid DNA (~500 ng) and dH2O to a final volume of 360 μl. Prior to 
adding, the single stranded DNA was denatured by incubating at 95°C for 5 min 
and stored on ice until use. The mixture was vigorously vortexed until the cell 
pellet was resuspended and then heat-shocked at 42°C for 40 min. 
Subsequently, cells were pelleted by centrifugation (13,000 g/ 15 s/ RT), 
resuspended in 75 μl of dH2O and finally spread on solid minimal media with the 
appropriate selection. After 2-3 days, about 8 colonies of transformed cells were 
streaked out on fresh minimal media plates to remove any contaminating 
non-transformed cells.  
Pet-test. Respiratory deficient yeast strains (for example Δcox11) can lose 
their mtDNA over time and become ρ0. For this reason with every transformation 
that included the Δcox11 strain, a pet-test was performed with the culture that 
had been used for transformation. Essentially, Δcox11 cells were mated with the 
IL933-5c strain (a ρ0, PET+) on YPD solid plates for 24 h. Subsequently, they 
were replica-plated onto respiratory solid media. Only if the Δcox11 cells were ρ+ 
(with intact mtDNA), diploids would be respiratory competent and would grow on 
respiratory media.  
2.2.3.3. Arabidopsis transformation 
All final expression constructs in binary destination vectors were first 
transformed into the A. tumefaciens strain GV3101 (by electroporation) and then 
into WT Arabidopsis (eco-type Columbia) by the floral dip method (Clough and 
Bent, 1998).  
Agrobacterium strains carrying transformation vectors were cultured in LB 
with 10 mM MgSO4 and selection antibiotics until OD600 of >2. Cells were 
harvested by centrifugation (4,000 g/ 10 min/ RT) and resuspended in the 
appropriate volume of plant infiltration media (Section 2.1.6) to yield OD600 of ~1. 
In the case when co-transformation was required, bacteria strains carrying 
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individual vectors were mixed together in a 1:1 ratio. Young plants – T0 
(4-6-week-old plants with primary inflorescences of about 10 cm, grown on soil) 
were used for transformation. The whole inflorescences were dipped in the 
Agrobacterium suspension for 1 min to allow the uptake of bacteria into the 
flowers. Plants were laid horizontally and covered with transparent wrapping foil 
(to ensure high humidity) for 24 h. Following this, plants were cultured normally 
until they were harvested for seeds, which was designated as the T1 generation. 
T1 seeds were surface-sterilized and placed on MS+Suc (2% Sucrose) plates 
with selection antibiotics. Often, besides the required selection antibiotics 
(kanamycin or hygromycin), ampicillin was added to kill the Agrobacterium that 
might be resistant to plant selection antibiotics. After 14 days, resistant seedlings 
(with their first true leaves) were transferred to soil. From leaves of these 
(~4-week-old) T1 generation plants, DNA was isolated and presence of the 
transgene was tested by PCR. For each construct specific primers were designed 
(Table 9). Positive T1 plants were harvested to obtain T2 generation seeds. 
These seeds were considered stably transformed and used in experiments. All 
plants for transformation, selection and seed propagation were cultured under 
long-day conditions.   
For some constructs, a T-DNA homozygous lines were generated by 
selection of the progeny of individual T2 plants on selection MS + 2% Suc media. 
If no susceptible plants were observed, lines were deemed homozygous. 
2.2.4. RNA manipulation  
2.2.4.1. RNA isolation 
S. cerevisiae. Total RNA was isolated from yeast cells cultured in minimal 
media until mid-log phase. Cells were harvested from about 2 ml of culture and 
RNA was isolated with the MasterPure yeast RNA purification kit according to the 
manufacturer’s instructions. Contaminating DNA was removed by DNAase I 
treatment (Turbo DNA-free, Ambion). Subsequently, RNA was cleaned up with 
the MasterPure yeast RNA purification kit. 
A. thaliana. For total plant RNA isolation, 50-75 mg of plant material (usually 
12-day-old seedlings) were used. Tissue mass was determined before the 
samples were frozen in liquid nitrogen. The tissue was ground in a reaction tube 
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with a small pestle. Total RNA was isolated with the help of the RNeasy plant 
mini kit (Qiagen) according to the manufacturer’s instructions. DNA 
contamination was removed during the RNA isolation with an on-column 
RNase-Free DNase set (Qiagen).  
2.2.4.2. RNA quality control  
RNA purity and integrity was determined by Nanodrop spectrophotometer 
measurement and by analysis of samples with the BioAnalyser (Agilent).  1.5 μl 
of plant RNA samples or 1.5 μl of a 10-fold dilution of yeast RNA samples were 
analyzed with the Nanodrop in order to determine the RNA concentration. The 
integrity of each RNA sample was estimated by On-Chip electrophoresis (RNA 
Nano Chip, Agilent) and the BioAnalyser 2100 (Agilent). Based on the On-Chip 
electrophoresis, the software (Agilent 2100 Expert, Rev. B.02.08) estimated the 
amount and ratios between rRNA molecules and determined the integrity of all 
RNA molecules within the sample (RIN value, between 1 and 10). On-Chip 
electrophoresis was performed according to the manufacturer’s instructions. The 
plant RNA Nano assay was used for both plant and yeast RNA samples.   
2.2.4.3. Reverse transcription 
Reverse transcription was performed with the RevertAid first strand cDNA 
synthesis kit from Thermo Scientific according to the manufacturer’s instructions. 
For all experiments, 500 ng of total RNA were reverse transcribed in 20-μl 
reactions in the presence of Oligo(dT)18 primer. In all cases parallel to the plus 
RT reaction (+RT, with reserve transcriptase), a negative RT (-RT, without 
reverse transcriptase) reaction was run. -RT reactions were used to check for 
genomic DNA contamination. All RNA and cDNA samples were stored at -80°C. 
2.2.5. Protein manipulation  
2.2.5.1. Total yeast protein isolation 
Total yeast proteins were isolated with the help of the YeastBuster protein 
extraction reagent from Novagen. Cells from 1.5 ml of yeast culture (OD600 
0.4 - 0.8, in minimal media) were harvested by centrifugation (3,000 g/ 10 min/ 
4°C) and resuspended in 50 μl of YeastBuster reagent, which contained 1x THP 
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solution, Benzonase Nuclease, 1x PI-mix, 1 mM AEBSF. All following steps were 
performed according to the manufacturer’s instructions. 
2.2.5.2. Isolation of mitochondria 
2.2.5.2.1. Isolation of crude mitochondria from yeast 
For crude mitochondria isolation, yeast cells were cultured until mid-log 
phase (OD600 ~2) in about 20 ml of minimal media with the appropriate selection. 
Cells were harvested by centrifugation at 3,500 g/ 5 min/ RT/, washed once in 
1 ml dH2O, transferred to a reaction tube, and centrifuged again. The pellet was 
resuspended in 500 μl of ice cold MTE buffer (650 mM mannitol, 20 mM Tris-Cl 
pH 7.6, 1 mM EDTA, 1x PI mix, and 1 mM AEBSF (the last two components were 
added fresh). Subsequently, 400 μl of glass beads (Ø 0.25-0.5 mm) were added, 
the mixture was vortexed on the Mixer mill MM200 for 5 min at 30 swings per 
second and transferred to ice. When the glass beads have sedimented, the 
supernatant was transferred to a new reaction tube and the beads were washed 
with fresh 400 μl of MTE buffer. Both supernatants were combined and 
centrifuged (3,500 g/ 5 min/ 4°C). The new supernatant was transferred to a fresh 
reaction tube and centrifuged (12,000 g/ 15 min/ 4°C). The supernatant was used 
as the “cytoplasmic” fraction, while the pellet was resuspended in 30-50 μl of MTE 
buffer and used as the “mitochondrial” fraction.  
2.2.5.2.2. Isolation of crude mitochondria from Arabidopsis 
Crude mitochondria were isolated as described previously (Keech et al., 
2005) with some modifications. Two versions of the modified protocol were used.  
In the first version, 14-day-old seedlings (cultured in liquid MS + 2% Suc 
media in the dark) were used as the starting material. The tissue was ground in 
liquid nitrogen with a mortar and pestle. The powder was transferred to a tube 
and 2 ml per gram of tissue of fresh grinding buffer A (0.3 M sucrose, 60 mM 
TES, 10 mM EDTA, 10 mM KH2PO4, 25 mM tetrasodium pyrophosphate, 1 mM 
glycine, 1% (w/v) polyvinylpyrrolidone-40, 1% (w/v) defatted BSA, 50 mM sodium 
ascorbate, 20 mM   cysteine, 1x PI mix, 1 mM AEBSF, pH 8 adjusted with KOH) 
were added. The plant solution was sequentially filtered through a 50-μm and 
25-μm nylon mesh. The flow-through was centrifuged at 2,500 g/ 5 min/ 4°C. The 
pellet, designated as the “PI” fraction contained large cellular structures (cell 
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walls, nuclei, plastids). The supernatant was further centrifuged at 15,000 g/ 15 
min/ 4°C. A sample of the new supernatant was taken and (after methanol 
chloroform precipitation, Section 2.2.5.7.2) was used as the “cytoplasmic” 
fraction. The pellet was resuspended in 5 ml of ice-cold wash buffer (0.3 M 
sucrose, 10 mM TES, 2 mM EDTA, 10 mM KH2PO4, pH 7.5 adjusted with KOH). 
The resuspended mitochondria were centrifuged again (2500 g/ 5 min/ 4°C). The 
pellet was resuspended in wash buffer and designated as “PII” fraction which 
contained mostly plastids. The supernatant was centrifuged again (15,000 g/ 15 
min/ 4°C).The new supernatant was discarded and the pellet was resuspended 
in 200 - 300 μl of the wash buffer (with PI mix and AEBSF). The resuspended 
pellet represented the mitochondrial crude fraction (MCF). These cell fractions 
were used in localization studies. 
In the second version of the protocol, 10-week-old Arabidopsis leaves (1- 5 g) 
from plants cultured on soil under short-day conditions were used as starting 
material. Leaves were ground in liquid nitrogen (with a mortar and pestle) and the 
plant powder was resuspended in grinding buffer A (4 ml per g of tissue, same 
buffer as above but without PI and AEBSF). The plant solution was filtered 
through a 50-μm nylon mesh and centrifuged at 2,500 g/ 5 min/ 4°C. The pellet 
was discarded, while the supernatant was centrifuged at 15,000 g/ 15 min/ 4°C. 
The new supernatant was discarded and the mitochondria pellet was 
resuspended in 5 ml of wash buffer (as above). The mitochondria suspension 
was centrifuged at 15,000 g/ 15 min/ 4°C. The supernatant was discarded and 
the pellet (MCF) was resuspended in 150 μl of wash buffer (without PI mix and 
AEBSF). These mitochondria were used for COX and citrate synthase activity 
measurements.   
2.2.5.2.3. Isolation of pure mitochondria from Arabidopsis 
Mitochondrial isolation and percoll gradient purification were performed as 
previously described (Keech et al., 2005) with some modifications.  
Percoll gradient formation. Before the beginning of the isolation, 30 ml of 
percoll gradient solution (50% percoll, 10 mM TES, 10 mM KH2PO4, 1 mM glycine, 
1 mM EDTA, pH 7.5 adjusted with KOH) were centrifuged in polycarbonate 
centrifugation tubes at 41,000 g/ 45 min/ 4°C with slow rotor acceleration and 
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deacceleration, in order to generate a self-formed continuous percoll gradient. 
Gradients were stored at 4°C until use.  
Mitochondria isolation. Mitochondria were isolated from approximately 50 g 
of 10-week-old Arabidopsis leaves (cultured on soil under short-day conditions). 
Between 10 and 20 g of harvested leaves were mixed with 100 ml of grinding 
buffer B (0.3 M sucrose, 60 mM TES, 2 mM EDTA, 10 mM KH2PO4, 25 mM 
tetrasodium pyrophosphate, 1 mM glycine, 1% (w/v) polyvinylpyrrolidone-40, 1% 
(w/v) defatted BSA, 50 mM sodium ascorbate, 0.005% (v/v) β-mercaptoethanol, 
pH 8 adjusted with KOH) and ground in a blender. The plant solution was 
sequentially filtered through gauze and 100-μm nylon mesh. The flow through 
was centrifuged at 2,500 g/ 10 min/ 4°C. The pellet was discarded, while the 
supernatant was centrifuged at 15,000 g/ 20 min/ 4°C. The new supernatant was 
discarded while the mitochondria pellet was gently (with a fine brush) 
resuspended in 1-2 ml of wash buffer (same as for MCF isolation). 
Gradient purification. On top of each 30-ml pre-formed continuous percoll 
gradient, 1 ml of mitochondria suspension (isolated from 20 – 25 g of leaves) was 
layered. The gradient was centrifuged at 15,000 g/ 30 min/ 4°C with slow rotor 
acceleration and deacceleration. During centrifugation, the mitochondria formed 
a cloud-like suspension about 1 cm from the bottom of the tube, while the 
chloroplasts remained at the top of the gradient. Chloroplast and mitochondria 
fractions were collected from the gradient with a glass Pasteur pipette. The 
chloroplasts were washed in 1 ml of wash buffer, spun down at 2500 g/ 5 min/ 
4°C and finally resuspended in 200-300 μl of wash buffer. The mitochondrial 
fraction (2-3 ml) was diluted with 30 ml of wash buffer and centrifuged at 15,000 g/ 
45 min/ 4°C with slow acceleration and deacceleration. The mitochondria formed 
a soft and slimy pellet. The mitochondria pellet was washed once with 25 ml of 
wash buffer. Finally, the mitochondria pellet was resuspended in 100 μl of wash 
buffer.   
2.2.5.3. Protein concentration determination 
Protein concentration was determined with the help of the DC protein assay 
kit from Bio-Rad. The standard protocol with slight modifications was used. The 
protein sample (3-10 μl) was diluted in 150 μl dH2O. Subsequently, 75 μl of 
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reagent A and 600 μl of reagent B were added. The mixture was vortexed and 
incubated in the dark at RT for 15 min. The absorbance was read out either with 
a spectrophotometer or plate reader at 655 nm. When a plate reader was used, 
the reaction was prepared with the half volume of all components. The protein 
concentration was determined based on the A655nm of BSA standard curves. The 
BSA amount ranged from 1 μg to 60 μg and it was prepared separately for 
spectrophotometer and plate reader. 
2.2.5.4. SDS-PAGE 
For protein analysis, a NuPAGE electrophoresis system from Life 
Technologies was used. The system included: precast 4 - 12% gradient NuPAGE 
Novex Bis-Tris Gels (mini (10 wells) and midi (20 wells) gels), XCell4 SureLock 
Mini and Midi-Cell electrophoresis chambers, 4x NuPAGE LDS Sample buffer, 
10x NuPAGE Sample reducing agent (500 mM DTT), 20x NuPAGE MOPS 
Running buffer, NuPAGE antioxidant, and 20x NuPAGE Transfer Buffer. All steps 
of the NuPAGE electrophoresis were performed according to the manufacturer’s 
instructions. In short, protein samples were mixed with 4x LDS sample buffers 
and 10x reducing agent (500 mM DTT) and incubated at 70°C for 10 min. During 
the incubation, 1x running buffer was prepared, gels were unpacked and after 
comb removal, the gel wells were rinsed with running buffer. Then the gels were 
placed into the electrophoresis chambers. The upper (cathode) buffer chamber 
was filled with 1x running buffer containing antioxidant (500 μl per 200 ml of 
buffer), while the lower buffer chamber was filled with regular 1x running buffer. 
During the gel run, the antioxidant would enter and run through the gel (unlike 
DTT) and prevent protein reoxidation. The samples and protein ladders were 
loaded into wells, and the gels were run at constant 200 V for about 50-55 min. 
Two types of protein ladders were used: PageRuler plus prestained protein ladder 
for Thermo Scientific and MagicMark XP Western protein standard from Life 
Technologies. The latter protein ladder was used for Western blot detection, as 
its proteins were recognized directly by the secondary antibodies used.   
2.2.5.5. Colloidal Coomassie gel staining 
After the SDS-PAGE run or Western blot transfer, proteins in the gels were 
stained with colloidal Coomassie staining procedure (Neuhoff et al., 1988). In 
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short, gels were fixed in 10% acetic acid and 40% ethanol for 30 min and 
transferred to colloidal staining solution (for 1l: Coomassie Blue G-250 0.8 g, 
ammonium sulphate 80 g, phosphoric acid 85% (w/v) 9.6 ml, methanol 200 ml, 
dH2O up to 1 l). Gels were stained overnight or longer (up to 3 days), scanned 
for documentation, rinsed repeatedly with water and soaked for 30 min in 5% 
glycerol 20% ethanol prior to drying on a slab gel dryer.  
2.2.5.6. Western blot analysis 
2.2.5.6.1. Protein transfer 
For Western blot detection, proteins were transferred from the NuPAGE gels 
on to PVDF membrane (Immobilion-P) by the semi-dry blotting method. After the 
electrophoresis, protein gels were transferred to 2x NuPAGE transfer buffer and 
incubated for 10 min with gentle shaking. Eight pieces of filter paper (same size 
as a gel) were soaked in 2x transfer buffer with 10% (v/v) methanol for the same 
time. NuPAGE antioxidant (100 μl per 100 ml of buffer) was added to both gel 
and filter paper buffer. For each transfer, four pieces of soaked filter paper were 
layered on the anode of the semi-dry electro blotter. On top a same sized piece 
of PVDF membrane (preactivated in methanol) was placed. The protein gel was 
layered on top of the membrane and covered with four more pieces of soaked 
filter paper. The blotter was closed with a cathode-containing lid and proteins 
were transferred for 1 h at maximum of 25 V with a current defined by the formula 
mA= 1.5*total gel surface (cm2). After the transfer, the gels were stained with 
colloidal Coomassie, while membranes were air-dried. For protein detection, 
membranes were reactivated in methanol, rinsed several times in TBS-T (20 mM 
Tris, 137 mM NaCl, pH 7.6 adjusted with HCl, freshly added 0.001% (v/v) 
Tween20) and blocked overnight in TBS-T with 5% (w/v) non-fat milk powder.  
2.2.5.6.2. Protein detection 
For protein detection, blocked membranes were incubated with the primary 
antibody (list of primary antibodies and their dilutions is listed in the material 
section) for 1 – 2 h, depending on the antibody.  Following primary antibody 
incubation, membranes were washed 3 times for 5 min in TBS-T. Subsequently, 
membranes were incubated with secondary antibody (anti-mouse or anti-rabbit) 
coupled to horseradish peroxidase (HRP) for 30 min to 1 h, and then washed 
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twice for 15 min with TBS-T. Both primary and secondary antibodies were diluted 
in TBS-T with 5% (w/v) milk powder. For detection of the HRP signals, Amersham 
ECL plus (or prime) Western blotting detection reagents from GE Healthcare 
were used according to the manufacturer’s instructions. Chemiluminescence was 
detected by exposure of the film (Amersham hyperfilm ECL, GE Healthcare) to 
the membrane.  
2.2.5.7. Protein precipitation 
2.2.5.7.1. TCA precipitation 
In order to precipitate proteins, 100% (w/v) TCA was added to the sample to 
a final concentration of 10%. The mixture was incubated at -20°C overnight. 
Proteins were pelleted by centrifugation at 20,000 g/ 1 h/ 4°C. The pellet was 
rinsed with 800 μl of ice-cold 80% (v/v) acetone, spun down by centrifugation 
20,000 g/ 10 min/ 4°C and dried in a speed-vac. The pellet was finally 
resuspended in 10 mM Tris-Cl, pH 7.6. 
2.2.5.7.2. Methanol chloroform precipitation 
Proteins were precipitated as previously described (Wessel and Flügge, 
1984). Proteins in the aqueous solution were mixed with four volumes of 
methanol, one volume of chloroform and vigorously vortexed. Subsequently, 
three volumes of water were added and the sample was vortexed and centrifuged 
(16,000 g/ 1 min / RT). The upper phase was removed, without disturbance of 
the interphase. Three volumes of methanol were added to the remaining sample. 
The mixture was vigorously vortexed. Proteins were pelleted by centrifugation 
(16,000 g/ 2 min / RT). The pellet was shortly air-dried and resuspended in 10 mM 
Tris-Cl, pH 7.6. 
2.2.5.8. Carbonate extraction of mitochondrial proteins  
In order to separate soluble and integral membrane proteins, pure 
Arabidopsis mitochondria were subjected to carbonate extraction. Pure 
mitochondria (100 μg) were spun down (15,000 g/ 15 min/ 4°C), resuspended in 
500 μl of 0.2 M Na2CO3 and kept on ice for 1 h. The sample was diluted with 0.2 M 
Na2CO3 to 3.5 ml and centrifuged at 220,000 g/ 1 h/ 4°C in the Optima 
ultracentrifuge (swing-out rotor, Beckman). The centrifugation pelleted the 
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membranes and integral proteins, while the soluble proteins remained in the 
supernatant. After the centrifugation, the pellet was directly resuspended in 13 μl 
of 10 mM Tris-Cl, pH 7.6, while the supernatant was precipitated with TCA 
(Section 2.2.5.7.1). Both fractions were loaded on a NuPAGE gel.  
2.2.5.9. Trypsin treatment of mitochondria and mitoplasts 
In order to determine the membrane orientation of the IMM integral proteins, 
mitochondria and mitoplasts were treated with trypsin in proteinase digestion 
sensitivity assays. For this assay, two aliquots of crude Arabidopsis mitochondria 
(350 μg of protein) were used. One remained untreated (mitochondria) and the 
other was used to prepare mitoplasts. Both aliquots were spun down (15,000 g/ 
15 min/ 4°C). Mitochondria were resuspended in 105 μl of modified wash buffer 
(0.6 M sucrose, 10 mM TES, 10 mM KH2PO4, pH 7.5 adjusted with KOH). To 
generate mitoplasts (by rapturing the OMM), mitochondria were resuspended in 
35 μl 10 mM KPPi pH 7.4 and kept on ice for 20 min. Subsequently, 70 μl of 
modified wash buffer were added to mitoplasts to stabilize them.  Both 
mitochondria and mitoplasts were divided into seven 15-μl aliquots (50 μg of 
protein each). Aliquots were treated with increasing amounts of trypsin (final 
concentrations (μg/ ml): 0, 10, 25, 50, 100, 200, 200T (with 1% (v/v) Triton X-
100)) for 10 min at 37°C. The reaction were stopped by addition of 3 mM AEBSF, 
NuPAGE reducing agent and sample buffer. The sample were immediately run 
on a NuPAGE gel.  
2.2.5.10. Citrate synthase activity assay 
Citrate synthase activity in crude mitochondria fractions (for Arabidopsis, 
prepared with the second version of protocol) was used to determine the amount 
of mitochondria and to normalize crude fractions from different samples and 
replicates. Reactions in the assay were as following: Acetyl-CoA + oxaloacetate 
+ H2O ↔ citrate + CoA-SH + H+. Side reaction: CoA-SH + DTNB (5,5′-Dithiobis(2-
nitrobenzoic acid)) → TNB (thionitrobenzoic acid) + CoA-S-S-TNB (TNB is the 
absorbing substance). Activity measurements were performed as previously 
described (Graybill et al., 2007) with slight modifications. For each 200 μl 
reaction, the following components were added in this order: 120 μl TE buffer 
(50 mM Tris-Cl, 2 mM EDTA, pH 8), 10 μl oxaloacetic acid (10 mM in TE buffer), 
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30 μl acetyl-CoA (5 mM in TE buffer), 10 μl DTNB (10 mM in 1 M Tris-Cl pH 8), 
5 μl Triton X-100 (0.8% (v/v)), 25 μl mitochondria (1 μg/μl in wash buffer). The 
absorption was monitored with a plate reader with the following settings: 
30 cycles x [A412 nm (25 reads), shaking 3 s (amplitude 3 mm, orbital), and 
temperature: 25°C]. Reactions were run in triplicates for each sample. Citrate 
synthase activity was estimated based on the slopes of absorbance at 412 nm 
and samples were normalized to the control sample, whose slope was set to 1.  
2.2.5.11. Cytochrome c oxidase (COX) complex activity assay 
Reduction of cytochrome c. Cytochrome c from equine heart (3 - 6 mg, 
prepared without TCA) was dissolved in 500 μl of 40 mM KPPi pH 7.4 and 
reduced with a few crystals of sodium dithionite. In order to remove sodium 
dithionite, the mixture was transferred to an Amicon ultra column (10-kDa cut-off) 
and centrifuged at 14,000 g/ 15 min/ 4°C. The column was washed twice with 
450 μl of 40 mM KPPi pH 7.4 and centrifuged again. Cytochrome c was collected 
by inversion of the column and centrifugation at 1,000 g/ 3 min/ 4°C. The 
remaining volume was measured and cytochrome c was diluted with KPPi to a 
final concentration of 1 mM.  
COX activity measurement. COX complex activity was determined by 
monitoring the amount of reoxidation of cytochrome c (Wigge and Gardeström, 
1987). It is expressed as nmol of reoxidised cytochrome c per mg of protein used 
and per min of reaction (nmol*mg-1*min-1). The amount of reoxidised cytochrome 
c was determined by following the absorbance decrease at 550 nm with 540 nm 
as a reference wavelength. For this assay, crude Arabidopsis mitochondria 
(second protocol version) were used. For each 200 μl reaction, the following 
components were added in this order: 175 μl COX activity buffer (0.3 M sucrose, 
10 mM KPPi pH 7.2, 100 mM KCl), 10 μl mitochondria (1 μg/μl in COX activity 
buffer), 5 μl Triton X-100 (0.8% (v/v)), 10 μl reduced cytochrome c (1 mM, final 
con. 50 μM). Absorption was monitored with a plate reader with the following 
settings: shaking 3 s (amplitude 3 mm, orbital), 12 cycles x [A550 nm (20 reads), 
A540 nm (20 reads), and temperature: 25°C]. Reactions were run in triplicates for 
each sample. To confirm the assay specificity, the COX complex inhibitor KCN 
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(final con. 1 mM) was added to control reaction. COX activity was estimated by 
calculating the slopes of decrease of A550nm (reduced by A540nm).  
2.2.5.12. Blue-native polyacrylamide gel electrophoresis (BN-PAGE) 
BN-PAGE (Schägger and Jagow, 1991) was used to separate protein 
complexes present in mitochondria crude fractions. Initially, a gradient BN-PAGE 
(3 - 13%, with a 3% stacking gel) was cast. The gel main components were 40% 
acrylamide/ bisacrylamide (29:1) and 3x gel buffer (1.5 M aminocaproic acid, 
75 mM imidazole, pH 7. For sample (100 μg Arabidopsis crude mitochondria, 
second protocol version) preparation, mitochondria were centrifuged (15,000 g/ 
15 min/ 4°C), resuspended in lysis buffer (100 mM NaCl, 5 mM aminocaproic 
acid, 50 mM imidazole, 1 mM AEBSF, 1x PI mix) with digitonin (detergent: protein 
ratio of 4:1 (g/g)) and incubated on ice for 10 min. Following incubations, samples 
were centrifuged (13,000 g/ 10 min/ 4°C), the supernatants were collected and 
mixed with loading buffer (10% (v/v) glycerol, 0.01% (w/v) Ponceau S). Sample 
were loaded on the gel and electrophoresis was started with anode buffer (25 mM 
imidazole, pH 7) and cathode buffer A (50 mM tricine, 7.5 mM imidazole, 0.02% 
Serva blue G-250, pH 7). Approximately at half point of the gel run, the cathode 
buffer was exchanged to buffer B (same as buffer A, but will a smaller amount 
(0.002%) of Serva blue G-250). The high molecular weight gel filtration calibration 
kit (thyroglobulin 669 kDa, ferritin 440 kDa, aldolase 158 kDa, conalbumin 75 
kDa) was used as molecular weight markers. Gels were run in a vertical 
electrophoresis apparatus Hoefer Mini VE (GE Healthcare). 
2.2.5.13. In-gel activity staining 
Complex IV (COX). Gels were first stained for in-gel activity of the COX 
complex. Gels were incubated in buffer IV (50 mM KPPi pH 7.4, 75 mg/ml 
sucrose) for 2 h. After the initial incubation, the buffer was exchanged to buffer IV 
supplemented with 1 mg/ml diaminobenzidine and 0.5 mg/ml reduced 
cytochrome c. Reduction of cytochrome c is outlined in Section 2.2.5.11.  Gels 
were incubated at RT with shaking and monitored for the appearance of brownish 
precipitates. 
Complex I. Prior to staining, gels were equilibrated in buffer I (2 mM Tris-Cl, 
pH 7.4) for 1 h at RT. Subsequently, gels were incubated at RT in buffer I 
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containing 0.1 mg/ml of NADH and 2.5 mg/ml nitro blue tetrazolium and the 
appearance of purple precipitation was monitored. After staining, gels were 
distained from Coomassie in 45% methanol 10% acetic acid overnight.   
2.2.5.14. β-Galactosidase (β-Gal) assay  
Beta-Galactosidase activity in total yeast protein extracts was determined 
with the β-Gal assay kit from LifeTechnologies according to the manufacturer’s 
instructions. Total yeast protein extracts (Section 2.2.5.1) were diluted 10 fold 
with YeastBuster reagent and 10 μl of the dilutions were used for β-Gal activity 
measurements. All samples were run in biological and technical replicates. 
Absorbance was read out with a Tecan plate reader.  
2.2.5.15. Histochemical staining for GUS activity 
GUS activity staining was performed as previously described (Jefferson et 
al., 1987) with some modifications. Basically, the plants from different 
developmental stages were incubated in 90% (v/v) acetone for 1 h at -20°C. 
Subsequently, the plants were washed 3 times with 50 mM NaPPi pH 7 and 
incubated in staining solution overnight at 37°C. The staining solution consisted 
of 1 mM X-Gluc (5-bromo-4-chloro-3-indolyl-β-D-glucuronide, stock: 200 mM in 
DMSO) in a 1:1 mixture of buffer A (50 mM NaPPi, 20 mM potassium 
ferrocyanide, 0.2% (v/v) triton X-100) and buffer B (50 mM NaPPi, 20 mM 
potassium ferricyanide, 0.2% (v/v) Triton X-100). After the staining, plants were 
washed several times with 70% (v/v) ethanol, which was the final storage 
solution.  
2.2.6. S. cerevisiae handling  
2.2.6.1. Yeast growth assay 
Yeast growth efficiency was tested on solid media. Yeast strains of interest 
were inoculated in 3 - 5 ml of liquid minimal media as a pre-culture. After the pre-
culture reached saturation (usually after 24 h), it was used to inoculate the main 
culture (minimal media at OD600= 0.05). The main culture was grown overnight 
and OD600 of samples was measured. For spotting on solid media, yeast cultures 
were sequentially diluted from 1.25 x 106 to 1.25 x 103 cells/ml in four steps; it 
was assumed that the OD600 of 0.1 equals 1 x 106 cells/ml. From this dilution 
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series, 8 μl of each was spotted on the appropriate solid media plate. Plates were 
incubated at 30°C for 2 - 4 days.   
2.2.6.2. Yeast crossing 
Yeast strains for crossing were cultured in 5-ml liquid minimal media (with 
complete media supplement, CMS) overnight. From each pre-culture, 100 – 
200 μl were mixed with 1 ml YPD in a reaction tube and incubated in a shaker at 
30°C for 6 h with 350 rpm. After crossing, cells were washed once in 1 ml minimal 
media (with CMS) and finally resuspended in 5 ml of minimal media (with CMS) 
with the appropriate selection for diploids. Diploids were incubated overnight. In 
the morning, diploid cultures were diluted to OD600= 0.25 and cultured until they 
reached OD600= 0.5 - 0.6. From these cultures, 1.5 ml was used for total yeast 
protein isolation.  
2.2.6.3. Plasmid depletion  
In order to deplete yeast strains from extra-chromosomal plasmids, cells were 
cultured in rich YPD media without selection. In parallel, yeast strains were also 
cultured in minimal media with selection as a control. After every 24 h, yeast 
cultures were refreshed with a 1:5,000 dilution of the previous day culture. This 
was repeated for 20 days. The last day yeast cultures were diluted and spread 
on an YPD plates, roughly 100 cells/ plate. When the colonies appeared, the 
plates were replica-plated on minimal media with selection and on respiratory 
YPEG plates to test respiratory competence of depleted strains.  
2.2.7. Arabidopsis phenotype analysis  
2.2.7.1. Root length assay   
In order to measure the root length, seeds from desired plant lines were 
surface sterilized and placed in a straight line on the surface of the MS+1% Suc 
plates. Either control or plates with different treatments were used. Seeds were 
placed close to the edge of the plate and the plates were kept in the vertical 
position (seeds on the top side) under long-day conditions for 12 days. A picture 
of each plate was taken with the Olympus digital camera C-5000 Zoom and root 
lengths were measured with the Root Detection 0.1.2 software 
(http://labutils.de/). 
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2.2.7.2. Pollen viability assay 
In order to test pollen viability, flowers were harvested soon after the 
subjective morning from 10-week-old Arabidopsis plants grown under long-day 
conditions. Seeds were air dried for 2 h and then gently rehydrated in a humid 
chamber for 30 - 45 min at 30°C. Pollen viability was checked by staining with 
FDA (fluorescein diacetate) dye from Sigma-Aldrich. For pollen staining, working 
solution (17% (w/v) sucrose with 1 μl of FDA stock (2 mg/ml) per 1 ml of solution) 
was placed on a microscopy slide and flowers were gently dipped in to release 
the pollen. After 15 min, the pollen grains were observed under fluorescence 
microscope with EGFP filter settings. Pollen grains that exhibited fluorescence 
were counted as viable.  
2.2.7.3. Pollen germination assay 
In order to test pollen germination, flowers were prepared in the same way 
as described for pollen viability. Pollen germination was tested with the sitting-
drop method (Bou Daher et al., 2009). Essentially, flowers were dipped in and 
pollen was released into a drop of germination media (18% (w/v) sucrose, 2 mM 
CaCl2, 2 mM Ca(NO3)2, 0.49 mM HBO3, 1 mM MgSO4, 1 mM KCl, pH 7.05 
adjusted with KOH) placed in wells of special microscopy slides (Table 1). 
Microscopy slides were kept in a humidity chamber at 30°C for 5-6 h. Pollen 
germination was evaluated under a bright-field microscope and any pollen grain 
with its tube longer then the grain diameter was scored as germinated.  
2.2.8. ROS detection 
2.2.8.1. Arabidopsis lipid peroxidation assays  
The Bioxytech LPO-586 kit for OxisResearch was used to determine the 
levels of lipid peroxidation in Arabidopsis leaves. Leaves were harvested in the 
morning (immediately after the switch from dark to light) and immediately ground 
in a mortar with a pestle, adding 500 μl of buffer (20 mM Tris-Cl pH 7.4 and 5 mM 
butylated hydroxytoluene (BHT)) per 100 mg of tissue. The leaf suspension was 
transferred into a reaction tube and centrifuged at 3,000 g/ 10 min/ 4°C. The 
supernatant was transferred to a new reaction tube and centrifuged again at 
3,000 g/ 5 min/ 4°C. From the final supernatant, 7 μl were immediately used for 
protein concentration determination (DC protein assay kit) and 100 μl for the 
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determination of lipid peroxidation with LPO-586 kit according to the 
manufacturer’s instructions. The assay was performed with “reagent 2” 
(methanesulfonic acid) in order to measure the amount of both malondialdehyde 
(MDA) and 4-hydroxyalkenals (HAE). All samples were run in triplicates and read 
out with a Tecan plate reader. The lipid peroxidation levels were normalized to 
the protein concentrations in the supernatants.  
2.2.8.2. 2′,7′-Dichlorofluorescin diacetate (DCFDA) assay  
2′,7′-Dichlorofluorescin diacetate (DCFDA) dye was used to estimate the 
amount and kinetics of ROS production in Arabidopsis leaves under normal 
conditions and conditions of increased oxidative stress (e. g. by Antimycin A) as 
previously described (Umbach et al., 2012). For the assay, Arabidopsis plants 
(cultured on soil, under long-day conditions) were moved to the dark, 3 h after 
the day period started. All following manipulation steps were performed in the 
dark room under low red light. After an initial 2-h incubation in the dark, ~200 mg 
of leaves (wet weight) were excited and placed in 10 ml of buffer (10% strength 
MS salts, 0.1% (v/v) Tween-20 and 20 μM DCFDA) in 50-ml falcon tube for a 30-
min preincubation in the dark. Following this, ethanol (mock treatment) or 
antimycin A (in a final concentration of 10 μM) were added to samples. As a 
positive control, menadione (final concentration of 100 μM) was added to one 
sample. During the treatment, leaves were kept in complete darkness. Inhibitor 
addition was set as time point zero and subsequently, every hour three 50-μl 
samples were taken, diluted with water to 200 μl and the fluorescence was read 
out on the Tecan plate reader with following setting: excitation 488 nm, emission 
535 nm, 25 reads (from bottom of the plate), gain 120, four reads per well.  
2.2.9. Microscopy 
2.2.9.1. Bright-field microscopy 
For bright-field imaging, two systems were used: a microscope and a low 
resolution binocular microscope from TSO, Germany. The microscope was 
equipped with a SP4x/0.1 and SP10x/0.25 objectives, while the binocular had an 
up to 5 fold magnification capability. Both systems could be connected to a digital 
sight DS-2Mv camera from Nikon, which was used for imaging. The camera had 
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additional magnifying effect. All image analysis was performed with the Fiji 
software (Schindelin et al., 2012). 
2.2.9.2. Fluorescence microscopy 
For regular fluorescence imaging, an Axio Observer Z1 inverted microscope 
from Zeiss was used. The following components of the microscope were used: 
Axiocam MRm camera, LCI Plan-Neofluar 63x/1.3 Imm Corr DIC M27 objective, 
EC Plan-Neofluar 10x/0.30 Ph1 objective, filter set 38HE (excitation BP 470/40 
(HE), beam splitter FT 497 (HE), emission BP 525/50 (HE)), filter set 43HE 
(excitation BP 550/25 (HE), beam splitter FT 570 (HE), emission BP 605/70 
(HE)). Image analysis was performed with AxioVision 4.8.2 software from Zeiss.  
2.2.9.3. Confocal laser scanning microscopy 
For colocalization studies in Arabidopsis, the LSM780 microscope from Zeiss 
was used. The system was equipped with a GaAsP parallel spectral detector (32 
channels) and two classical PMT (photo multiplier tubes). All images were made 
with the C-Apochromat 63x/1.20 W korr M27 objective. EGFP and mRFP were 
excited with 488-nm and 561-nm lasers, respectively. The MBS 488/581 beam 
splitter was used. The master gain was set to 900, while the pinhole diameter 
was 51 μm, which corresponded to 1 airy unit for the used wavelengths. The 
system was used either in the channel mode or λ mode (spectral imaging). During 
imaging in the channel mode, both fluorophores were simultaneously excited and 
their emissions were detected in a specific range of wavelength (EGFP between 
470 and 552 nm and mRFP between 575 and 650 nm) by activating the 
appropriate detectors. Signals from all active detectors in one channel were 
combined. Bright-field was imaged in parallel with two fluorescence channels, 
using a special transmitted light detector and lasers as light source. The 488-nm 
laser was usually used at low intensity (0.5-2%) compared to the 561-nm laser 
(up to 12%). The latter was the predominant light source for bright-field imaging. 
For imaging of the channels in the spectral imaging (λ) mode, all 34 detectors 
were active and the entire visible spectrum (400 nm to 750 nm) of the reflected 
signal was detected. In this mode, each detected signal was recorded separately, 
so that all signals combined together gave fluorescence intensity spectra for each 
point of the image. In some cases, autofluorescence of chloroplasts was also 
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detected (excited with the 561-nm laser, and detected in the 675 - 750 nm range). 
Image analysis was performed with Zen2011 (Zeiss) and Fiji software (Bolte and 
Cordelières, 2006; Schindelin et al., 2012). For imaging, 14-day-old seedlings 
(cultured on MS+2% Suc plates, on long-day conditions) were usually used.  
2.2.10. Statistics  
All statistical analyses in this thesis were performed with Microsoft Excel 
2013. For comparison between two groups, the Students T-test was used. In 
graphs, statistical significance below 0.05 is denoted with a single asterisk, below 






Table 13. Bioinformatics online data bases, tools and analysis software 
Name Web address Short description References 
TAIR http://www.arabidopsis.org/ 
Comprehensive database of Arabidopsis gene and 
proteins with access to seed and DNA stock centers. 
 
SGD http://www.yeastgenome.org/ 
Saccharomyces database. Gene and protein information 
and sequences.   
 
NCBI http://www.ncbi.nlm.nih.gov/ 
Comprehensive database of gene and protein sequences 






Sequence alignment of two proteins.  
Cluster 
Omega 
http://www.ebi.ac.uk/Tools/msa/clustalo/ Sequence alignment of multiple proteins.  
TargetP http://www.cbs.dtu.dk/services/TargetP/ Subcellular targeting and cleavage site prediction.  
Emanuelsson et al., 2000; 
Nielsen et al., 1997 









Transmembrane domain determination. Hofmann and Stoffel, 1993 
PSIPRED http://bioinf.cs.ucl.ac.uk/psipred/ Protein secondary structure prediction. McGuffin et al., 2000 





Search tool for publicly available RNA microarray 
databases.  




Software for manipulation of DNA sequence (including 








3.1. Bioinformatical analysis  
The first step in the search for a possible COX11 family member in 
Arabidopsis is to find a candidate gene (AtCOX11). This gene and its product 
(AtCox11 protein) should possess characteristics of the COX11 family. After the 
complete sequence of the 120-million-bp Arabidopsis genome (TAIR 10) was 
published, one locus was labeled as such a candidate (Lamesch et al., 2012). 
This locus designated as At1g02410 is localized on the first chromosome. Figure 
4 shows a schematic of the locus.  
The total length, including the putative promoter is 2421 bp (the complete 
sequence is given in Appendix, Figure 48). The promoter is defined as a 
sequence from the start of the upstream gene to the beginning of the first exon 
of AtCOX11. Interestingly, the AtCOX11 promoter has 4 site II elements, which 
are overrepresented in the promoters of the genes encoding proteins involved in 
OXPHOS (Welchen and Gonzalez, 2006). The locus contains one open reading 
frame (ORF) that is actively transcribed into mRNA and its cDNA was used for 
cloning of all constructs that include AtCOX11 (pENTR221-AtCOX11, Table 11). 
Translation of AtCOX11 mRNA yields a protein of 287 amino acids (aa) with a 
theoretical size of 32.6 kDa. In addition to this active locus, one pseudogene 
(locus At3g33103) of AtCOX11 is present on the third chromosome. This locus 
includes the complete 3’ end of the gene (from exon 5 to the middle of exon 8) 
with 93% sequence identity to the main locus.  
I used several available online prediction programs (Section 2.2.11) to 
analyze the primary protein sequence of AtCox11. TargetP predicts a 
mitochondrial targeting for AtCox11 (probability 0.711 with the reliability class of 
2 out of 5, with 1 being the highest) and the mitochondrial targeting sequence 
(MTS) cleavage site at aa 80. MitoProt II also predicts mitochondrial localization 
Putative promoter Start/Stop codonExon Intron
E1 I1 I2 I4I3 I5 I6 I7E2 E3 E4 E5 E6 E7 E8
Figure 4. Drawn to scale scheme of the putative AtCOX11 locus (At1g02410).  
Predicted exon and introns are shown. The complete sequence of the locus is given in Appendix, 





(probability 0.9293) with the cleavage site at aa 58. Both TMHMM and TMpred 
programs predicted a single transmembrane domain (TM, aa 93 – 115) near the 
N-terminus of the AtCox11 (Figure 5). The PSIPRED program was used to predict 
secondary structures of AtCox11. Analysis revealed that AtCox11 is rich in β-
sheets in its C-terminal region, while α-helices predominate in and around the TM 
domain (Figure 5). The DiANNA program was used to analyze the status of 
cysteines and possible disulfide bonds within the protein. The MTS of AtCox11 
contains three cysteines (within the first 40 aa); however as this part of the protein 
is most probably cleaved off during import, these cysteines were not included in 
the analysis. The main part of the protein contains three more cysteines, one 
shortly after the TM domain (C119) and two, which are part of the putative copper-
binding motif (C219 and C221, Figure 5). 
Figure 5. AtCox11 and ScCox11 protein sequence alignment.  
Results from several other bioinformatic predictions are also displayed. Cysteines are labelled 
yellow. Cysteines C219 and C221 (Arabidopsis numbering) are a part of the putative copper binding 
motif. Predicted cleavable N-terminal targeting signals are double underlined, predicted 
transmembrane domains are shown in yellow letters, predicted α-helices are depicted in blue-





All three cysteines are predicted to be in the free (reduced) form in the mature 
protein, with high probabilities for cysteines C219 and C221 (0.87 and 0.89) and a 
lower probability for C119 (0.47). The DiANNA program also predicted a possible 
disulfide bond between C119 and C219 with a low probability (0.12).  
The same analysis was performed for another well-characterized Cox11 
family member, ScCox11 from S. cerevisiae. Figure 5 shows the alignment of 
AtCox11 and ScCox11 protein sequences (performed with EMBOSS Needle), as 
well as results of other predictions programs (TM, secondary structure, etc.).  It 
can be seen that the two proteins not only share significant similarity on the 
sequence level (32.4% identity and 44.7% similarity), but apparently also have 
striking similarities in their secondary structures, particularly in the TM domain 
and number and distribution of the β-sheets. Interestingly, it is predicted that all 
cysteines in the mature ScCox11, as in AtCox11, exist in the free (reduced) form. 
For both proteins, it is predicted that the only probable (0.12/ 0.16) disulfide bond 
can be formed between the cysteine adjacent to the TM domain and the first 
cysteine of the putative copper binding motif. 
It is important to note that several protein regions (putative copper binding 
motif, end of TM domain, etc.) are highly if not completely conserved in Cox11 
homologues from many species covering very diverse genera, from bacteria to 
plants and humans (Appendix, Figure 49).  
Based on these findings it seems very likely that AtCox11 is a member of the 
Cox11 family. However, this conclusion is based on theoretical predictions only 
and experimental data are necessary to substantiate it. The first step to obtain 
that data is cloning and generation of constructs for the experiments.  
3.2. Cloning and generation of transgenic plant lines 
For the functional analysis of AtCox11, several dozen constructs were 
generated. All constructs, used in this thesis as well as basic information about 
their cloning, are listed in Table 12 (Material and Methods, Section 2.1.9). 
Detailed explanations for each construct will be given as they are introduced in 
the following sections. All yeast expression vectors (starting with pAG4…) were 
transformed into the appropriate yeast strains (WT – BY4741 or Δcox11 – 





(pMDCs and pGWBs) were first transformed into Agrobacterium tumefaciens 
(Table 6 and Section 2.2.3.1) and subsequently into appropriate Arabidopsis 
thaliana backgrounds via floral dip (Table 6 and Section 2.2.3.3).  
All created plant lines and generations in which they were used in 
experiments are summarized in Table 14.  
Table 14. Generated plant lines 
Plant line Generation Vector Primers 
WT/35S::AtCOX11 T3 (homozygous) V15 #62, #89 
WT/35S::AtCOX11-3HA T2/T3 (both)* V16 #62, #89 
mt-GK/35S::AtCOX11-mRFP T2 (hemizygous) V17 #62, #89 
mt-GK/35S::mRFP T2 (hemizygous) V18 #62, #77 
WT/35S::mRFP T2 (hemizygous) V18 #62, #77 
WT/AtCOX11::GUS T2 (hemizygous) V19 *** 
WT/XVE::RNAi AtCOX11 T3 (homozygous) V20 #74, #75 
WT/XVE::RNAi 3UTR AtCOX11 T3 (homozygous) V21 #74, #75 
WT/35S::amiRNA AtCOX11 T2/T3 (hemizygous)** From Prof. Gonzalez. 
WT/35S::GUS T3 (homozygous) From Prof. Gonzalez. 
WT/XVE::ZFT-ATG T1/T2 (hemizygous) V47 N/A 
WT/XVE::ZFT-Cterm T1/T2 (hemizygous) V48 N/A 
WT/2x35S::TALENs 1/2 T1/T2 (hemizygous) V53/54 #145-147 
WT/2x35S::TALENs 3/4 T1/T2 (hemizygous) V55/56 #145-147 
Summary of all created plant lines used in this thesis. The name of each line reflects plant 
background (before the slash) and type of construct transformed (after the slash). Two colons 
separate the promoter used and the gene under the control of that promoter. The second 
column denotes in which generation this particular line was used for experiments and whether 
it was a homozygous or hemizygous with respect to the T-DNA insertion. The two columns on 
the right side name the vectors (Table 12) used for transformation and the primers (Table 9) 
used for confirmation of the T-DNA insertion into the genome.  
*The 3HA lines used for AtCox11 localization studies were both T2 and T3 generation and all 
hemizygous. For overexpression studies, one homozygous T3 plant line was used.  
**For AtCOX11 knock-down experiments two amiRNA lines were used. Ami8 was T2 
generation and hemizygous, while for the Ami6 line two batches were used (6-2 and 6-5, 
progeny of two individual plants) and both were T3 generation and hemizygous.  







3.3. Establishment of AtCOX11 knock-out lines 
A very important tool for the analysis of the unknown gene are knock-out 
plant lines. For this reason, I attempted to obtain an AtCOX11 knock-out plant 
line, created either by random T-DNA insertion or by direct targeted genome 
modification via Zinc finger nucleases (ZFNs) and Transcription activator-like 
effector nucleases (TALENs).  
3.3.1. Characterization of T-DNA insertion plant lines 
 All T-DNA plant lines with insertions in the AtCOX11 locus (At1g02410) were 
procured from Arabidopsis seed stock center (http://arabidopsis.info).  Five such 
lines were obtained (Table 6), four of which were hemizygous for the T-DNA 
insertion, while one was homozygous (Salk_003445). Figure 6 demonstrates 
approximate positions of T-DNA insertion within AtCOX11 locus.  
Sail_683_B03 is localized towards the end of the second intron, 
Salk_1057793 at the very end of 3’ UTR, and 3 lines (Sail_603_G12, 
Sail_861_D09 and Salk_003445) within the promoter of the AtCOX11. These 
lines were characterized by PCR with specific primers (#88 - 94). For each insert, 
two different forward primers were used, one specific for the genomic DNA 5’ to 
the insert (For. gDNA) and one for the T-DNA (For. T-DNA), while in both cases 
the same reverse primer was used (Rev., Figure 6). These primer pairs were 
















Figure 6. The scheme of the AtCOX11 locus with positions of T-DNA insertions and ZFNs/ 
TALENs target sites. 
The T-DNA insertions are not drawn to scale due to their large size (7 – 9 kbp). Exact positions 
of T-DNA insertions are shown Figure 48 (Appendix). The binding sites of screening primers for 
T-DNA insertions are shown. One primer pair (For. T-DNA and Rev.) amplified locus with 
insertion, while the other pair (For. gDNA and Rev.) amplified WT locus. The T-DNA insertions 





hemizygous or homozygous in regard to the insertion. In the case of the 
Sail_683_B03 (Figure 7 A.) and Salk_105793 lines, T-DNA insertions were not 
detected. For all three T-DNA promoter insertion lines, the presence and 
locations of the T-DNA insertions was confirmed. Additionally, Sail_603_G12 and 
Salk_003445 had double (head to head) insertions separated by only a few bp, 
which due to the extreme proximity, behaved as one locus. Sail_861_D09 (Figure 
7 B.) had a single insertion. The theoretical positions of T-DNA insertions in 
AtCOX11 locus are depicted in Figure 48 (Appendix).  
For all 3 promoter T-DNA lines, a T-DNA homozygous line was selected. The 
Sail_861_D09 insertion was closest to the transcription start site, hence it was 
chosen for further characterization. From the WT and homozygous Sail_861_D09 
plants, RNA was isolated (Section 2.2.4.1) and the levels of AtCOX11 mRNA 
were determined by qPCR (Section 2.2.2.2.3). Surprisingly, the levels of 
AtCOX11 mRNA in Sail_861_D09 were ~2 times higher than in the WT (data not 
shown), classifying this line as a weak AtCOX11 overexpressor. This could be 
the consequence of an inactivation of some repressor element in the promoter 
region by the T-DNA insertion.  



























Figure 7.Characterization of T-DNA insertions lines. 
A. Characterization of Sail_683_B03 by PCR. For gDNA amplification, primers #88 and #89 
(amplicon 1.1 kbp) were used and for T-DNA, primers #93 and #89 (amplicon 1.2 kbp). Here an 
example of the WT and Sail_683_B03 plant is shown. Sail_683_B03 had no T-DNA insertion and 
was WT. A negative control is marked as Neg. B. Characterization of Sail_861_D09. For gDNA 
amplification, primers #91/ 90 (amplicon 745 bp) were used and for T-DNA, primers #93/ 90 
(amplicon 390 bp). In this example, four individual plants were tested. Plant 1 (red square) was a 
homozygous, plant 3 (green square) a WT and plants 2 and 4 (yellow squares) were hemizygous. 






In summary, out of five available T-DNA lines within the AtCOX11 locus in 
three lines the T-DNA insertions were confirmed. However, none of them were 
knock-outs, one of them was even a weak overexpressor.  
3.3.2. Generation of ZFNs and TALENs knock-out plant lines 
In the last few years, novel methods for direct genome manipulation have 
been developed. They utilize artificially designed proteins composed of a DNA 
endonuclease and DNA binding domains that recognize the sequence of interest. 
These proteins are targeted to the nucleus and once there, they bind to the 
sequence of interest and the endonuclease domains will make a double strand 
break (DSB). In the plant genome, DSBs are usually repaired by non-homologous 
end joining (NHEJ). This repair mechanism is error prone and can create small 
insertions or deletions, which, if present in the protein coding region, can lead to 
frame shift mutation and gene knock-out.   
In an attempt to create AtCOX11 knock-out plant lines, ZFNs were used. 
They use 3 artificial zinc finger domains to target the FokI endonuclease domains 
to a target sequence (Zhang et al., 2010). Each finger can recognize a 3-bp 
target, so the whole protein recognizes 9 bp. The ZFNs were generated with the 
context-dependent assembly approach CoDA (Sander et al., 2011). Additional to 
ZFNs, TALENs were used. They use DNA binding domains from the TAL effector 
to target the FokI domains (Cermak et al., 2011).  






CV40 nucleus localization sequence 3HA tag Flag tag
B. TALENs
Figure 8. Schematic representation of ZFNs and TALENs.  
A. Both ZFN in a pair were cloned as a single ORF under the control of the estrogen inducible 
XVE promoter. Two ZFNs were separated by the T2A (ribosome skipping) sequence (Szymczak 
et al., 2004) in order to be expressed as two individual proteins. B. TALENs were cloned into 
individual vectors under the control of the constitutive 2x35S viral promoters. Light blue denotes 
DNA binding domains (ZF or TAL), while green labels FokI domains. ZFNs were tagged with a 
FLAG tag and TALENs with a 3HA tag. Nuclear targeting was ensured with the CV40 nucleus 






TALENs recognize much larger target sequences (30 bp for a TALENs pair 
and 18 bp for a ZFNs pair), giving them higher specificity. They can also be 
assembled to recognize any target sequence (Cermak et al., 2011). Modified FokI 
domains are obligatory heterodimers; only such heterodimers can create double 
strand break (DSB) (Miller et al., 2007).  
As such, for each target cut site, a pair of ZFNs or TALENs (with a plus or 
minus FokI domains) were designed (Figure 8) and cloned. TAL domains were 
designed and assembled by Denise Gruner, MPI-CBG. Each ZFN pair 
recognized an 18-bp target and each TALEN pair a 30-bp target. For both ZFNs 
and TALENs, two pairs with distinct targets (Figure 6) were designed and cloned 
(ZFN_ATG, ZFN_Cterm, TALENs 1/2 and TALENs 3/4, Table 12, V47/48 and 
V53-56). The ZFNs pairs were cloned as a single ORF, while TALENs had to be 
on separate plasmids due to their large size. I also tried to clone TALENs as one 
ORF but these constructs were unstable (total size >20 kbp). All constructs were 
transformed into WT Arabidopsis plants via floral dip (Section 2.2.3.3). Both 
TALENs in a pair were simultaneously transformed into Arabidopsis by mixing 
two Agrobacterium strains, each carrying an expression vector for one of the 
TALENs. This double transformation approach proved to be quite efficient. As 
demonstrated in Figure 9, out of 7 antibiotic resistant T1 generation plants 
transformed with TALENs 1/2 three were confirmed for both T-DNA insertions. 
Line 5 was later eliminated as it turned out to be susceptible to antibiotics, 
possible due to silencing of the selection gene.  
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Figure 9. Confirmation of plant transformations with TALEN 1/2 pair.  
Genomic insertion of TALENs 1/2 T-DNA was confirmed with PCR of the T1 generation 
transformants. In both cases, the same forward primer was used #145 (pairing to the sequence 
coding for FokI domain), while reverse primers were specific for the backbone of the used vectors 
#146/147. The amplicon sizes were 692 bp for TALEN 1 and 787 bp for TALEN 2. Isolated vectors 
were used as positive control (+). Negative control (-) was reaction without DNA. Gel was 1% 






Finally, 4 out of 22 T1 TALENs 1/2 plants were confirmed as double 
transformants (lines 3, 4, 9 and 20), while in case of T1 TALENs 3/4, 3 out of 16 
plants were confirmed as double transformants (lines 4, 14 and 16). All double 
transformant plants were propagated to T2 generation, which was used for 
AtCOX11 mutation screening. In case of ZFNs pairs, they were not checked for 
T-DNA insertion but T1 plants were directly screened for AtCOX11 mutations, as 
described below. A few plants were propagated to T2 generation, and screened 
for mutations. 
Expression of ZFNs and TALENs in plants was checked by a Western blot 
analysis detecting protein tags with specific antibodies. For total protein extracts, 
T2 seedlings (~100 μg) were ground in liquid nitrogen and directly resuspended 
in 100 μl of 1x LDS loading buffer with DTT (Section 2.2.5.4). The mixture (20 μl) 
was directly loaded onto the SDS-PAGE gel. ZFNs were detected with αFLAG 
antibody, however this antibody proved to be highly unspecific in plants, 
recognizing more than 10 proteins, including some in size of ZFNs (data not 
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Figure 10. Detection of TALENs. 
Total protein from WT and 7 T2 generation TALENs plant lines were separated by SDS-PAGE. 
After transfer to a membrane, TALENs were detected with αHA antibody. The expected size of 
TALENs was in the range of 139 to 150 kDa. The upper arrow marks a possible specific signal 
from TALENs while the origin of the signal marked with the lower arrow (present in some 






 The αHA antibody (directed against the HA tag of TALENs) proved to be 
more specific. As it can be seen in Figure 10, while the αHA antibody did 
recognize unspecific proteins, it also recognized two specific bands in TALENs 
samples, which were absent in the WT. Both are marked by an arrow. The upper 
signal (TALENs 1/2 line 9 and TALENs 3/4 line 14) might represent complete 
TALEN proteins, which are about 140 kDa in size. In this blot, they appear smaller 
than expected. This faster gel migration of TALENs was observed before 
(personal communication, D. Gruner, MPI-CBG). Unfortunately, each TALENs in 
a pair were tagged with 3HA; hence the blot did not allow for distinguishing one 
or both TALENs were expressed. The origin of the lower signal, while specific for 
some TALENs plants, remains unclear. It could represent a degradation product 
of the TALENs. Similar signals were observed with TALENs in other organisms 
(personal communication, D. Gruner, MPI-CBG).  
The biggest challenge for ZFNs and TALENs is to correctly and efficiently 
recognize their targets. This can be tested in S. cerevisiae. The assay is based 
on the pCP5 plasmid (Table 11), which carries a split β-Gal (galactosidase) gene. 
The ends of two β-Gal segments are identical and homologues, and a target 
binding site for ZFNs and TALENs can be inserted between them. Subsequently, 
the pCP5-target vector and ZFNs/TALENs are introduced into the same yeast 
cell, and if the ZFNs/TALENs cut their target sequence, the created DSB is fixed 
by homologues recombination. As the ends of the two β-Gal gene segments are 
identical, the DSB induced homologous recombination will reconstitute the full-
length β-Gal gene, whose activity can be easily measured.  
In the experimental set-up, the pCP5-target vectors (V63-66, Table 12) were 
introduced into the WT W303 yeast strain (mating type a) and the ZFNs and 
TALENs (in yeast expression vectors, V57-62, Table 12) into the WT W303 yeast 
strain (mating type α). As a positive control, the pCP5-LacZ vector (V67) was 
created. In this vector the β-Gal gene was reconstituted by PCR amplification of 
the plasmid backbone and direct blunt ligation. In order to mix targets and 
ZFNs/TALENs, the transformed yeast strains (a and α) were crossed as 
described in Section 2.2.6.2. Total protein extracts were isolated from the diploids 
(Section 2.2.5.1) and used for the β-Gal activity assay (Section 2.2.5.14). Each 





samples was normalized to the total protein amount (Section 2.2.5.3). The 
efficiency of all ZFNs and TALENs pairs was tested against their specific targets 
in the pCP5 vector (ATG for ZFN_ATG, Cterm for ZFN_Cterm, E3 for TALENs 
1/2 and E6 for TALENs 3/4). Negative controls (crosses of pCP5 with empty 
vectors) were run in parallel, in order to assess the background activity of β-Gal. 
In addition, for determination of maximal possible β-Gal activity, positive controls 
(complete β-Gal with empty vectors), were included. In the case of TALEN pairs, 
I also made crosses of TALENs with wrong targets to determine the target 
specificity of TALENs pairs.  
Figure 11 summarizes the results for ZFNs. It is clear that neither of the ZFNs 
pairs recognized their target sites, as only background (as in the negative control) 
β-Gal activity was observed. On the other hand, both TALEN pairs recognized 
their targets relatively efficiently (Figure 12), as β-Gal activity in those crosses 
was significantly higher than in the negative control. Comparison of the activity 
with the positive control indicated that TALENs did not have maximal activity, as 
only a fraction of target vectors was cut in the yeast cells. Crosses of TALENs 
with the wrong targets demonstrated the TALEN’s specificity for their targets 

































Figure 11. ZFNs activity in S. cerevisiae.  
When ZFNs expressing yeast cells were crossed with cells carrying their targets, no significant 
β-Gal activity (above the empty vector negative control) was observed. The full length β-Gal gene 
was used as a positive control. The β-Gal specific activity is expressed in nmol ONPG (Ortho-
nitrophenyl-β-galactoside) hydrolyzed/ min / mg of total protein. Error bars represent ±SD 






It should be pointed out that in this assay a high cutting efficiency does not 
necessarily correlate with the efficiency in plants. In the yeast assay, the pCP5-
target plasmids have a 2µ origin of replication, which means that target sites exist 
in high copy numbers within the nucleus. On the other hand, in the plant genome 
there are only two copies (on two homologous chromosomes) of target sites. 
 Additionally, the size of the target plasmids (11.5 kbp) is much smaller 
compared to the Arabidopsis genome (120 Mbp), making the target recognition 
easier. As such, efficiency in the plant genome in vivo cannot be estimated based 
on this assay. However, this assay can give valuable information whether 
ZFNs/TALENs can recognize their targets at all and allow to compare different 
constructs.  
The rate-limiting step in using the ZFNs/TALENs approach for the generation 
of gene knock-out is the mutation detection. As mutations are created by NHEJ, 
no selection marker insertion is possible and direct screening of the gDNA target 
site is required. Additionally, a very low efficiency of cutting and mutations can be 






































Figure 12. TALENs activity in S. cerevisiae.  
When TALENs expressing yeast cells were crossed with cells carrying their targets (E3 for 
TALENs 1/2 and E6 for TALENs 3/4), significant β-Gal activity was observed. In contrast, the 
negative control (empty vector) and crosses with targets and opposite TALEN pairs showed only 
minor background activity. The cross with full-length β-Gal gene (pCP5-LacZ) showed maximal 
β-Gal activity. The β-Gal specific activity is expressed in nmol ONPG hydrolyzed/ min / mg of total 





if mutations occur in the meristematic cells, they will be propagated through the 
lineages of the affected cells. In this case, the plant would be a chimeric organism 
with different genetic information in different parts. In some cases (if specific parts 
of meristem are affected), mutations will be transmitted to the next generation, 
where they would be present in all cells. For these reasons, the challenge is to 
find a method which allows efficient screening of large numbers of plants, with 
high sensitivity. This is necessary in order to be able to detect a mutation in a 
chimeric organism, where only small a subset of DNA molecules is mutated.  
As a first approach for mutation screening, PCR amplification and restriction 
digestion of target sites was used. Essentially, gDNA was isolated from 10-week-
old plants, and used as a template for PCR with primers that bind close to the cut 
site (primers #125 -132, fragment sizes 100 – 150 bp). Amplicons were separated 
on 2.5%-agarose gels and in case of insertions/ deletions an additional band 
(compare with WT) should be visible (Figure 13, upper panels). A part of the PCR 
reaction was digested with restriction enzymes (CviAII and MnlI), whose cut-sites 
overlap with the cut-site of ZFNs. If a mutation is present at the cut site, it would 
disrupt the restriction site and make the fragment resistant towards digestion, 
while all WT fragments would be digested (Figure 13, lower panels).  
Figure 13. Mutation screening approach in ZFNs plants. 
The ZFNs cut-site was amplified by PCR from gDNA using primers spanning the site (Amplicon 
size: Cterm 196 bp and ATG 179 bp, upper panel). PCR products were digested with restriction 
endonuclease whose cut-site overlaps with that of the ZFNs. If ZFNs introduced a mutation, they 
disturbed the cut-site of the restriction enzyme and created a “resistant” fragment (fragment sizes: 
Cterm 124 + 72 bp, ATG 100 + 79 bp, lower panel). All samples shown here appear to be WT. 






However, this method of mutation screening proved to be quite insensitive 
and problematic. Major problems were the poor dissolving power of the agarose 
gels and the ineffectiveness of the restriction digestions. While in Figure 13 PCR 
products were completely digested, often the digestion would be incomplete 
which made the interpretation of the results impossible. Nevertheless, this 
approach was used to screen the T1 generation of ZFNs plants (121 plants for 
ZFN_ATG and 127 plants for ZFN_Cterm) and was unable to find a potential 
mutation. Subsequently, because of the yeast β-Gal activity assay, I discontinued 
using ZFNs as they turned out to be inefficient in binding to their targets. 
In an attempt to find a more sensitive method for the detection of mutations, 
the High Resolution Melt (HRM) approach was tested. This novel method uses 
the differences in high resolution melting profiles of DNA molecules to detect 
mutations. The experimental procedure for this method is explained in Section 
2.2.2.2.4. In order to test the ability of the HRM to differentiate DNA molecules 
with a small size differences, a set of forward primers and one reverse primer 
(#129/130, #133-136) were designed. All forward primers would bind in the same 
region but each subsequent primer was shifted closer to the reverse primer in 
order to create a smaller product. With this primer set, I created a series of 
identical DNA molecules, except for small deletions at the 5’ end. The largest 
fragment was 190 bp long, while others were 2, 6 or 12 bp shorter.  Figure 14 A 
shows the difference plot of the HRM curves of these differently sized fragments 
in individual PCR reactions. The figure clearly demonstrates that this method can 
quite easily distinguish two molecules with a size difference as low as 2 bp. 
However, these were individual reaction, in which all DNA molecules were 
different. In the next step, the ability of this assay to detected mutated DNA which 
is only a fraction of the total DNA was tested. For this, PCR reactions were ran 
with one reverse primer and a mixture of two forward primers (for 190- and 184-
bp fragment amplification) in different ratios. It was assumed that the ratio of the 
products would be similar to the ratio of the forward primers used. Figure 14 B 
shows the difference plot of HRM curves with different ratios of the 190- and 184-
bp products (individual PCR reaction). It can be seen that this method was able 
to distinguish a sample, consisting of 5% 184-bp and 95% 190-bp products from 





sample with 1% of 184-bp products. The same results were obtained, if another 
reverse primer was used where the largest fragment was 121 bp (data not 
shown).  
This method can be considered as quite effective in detection of the 
mutations, and it was used for mutation screening in T2 generation TALENs 
plants. This way, 144 TALENs 1/2 and 74 TALENs 3/4 plants (T2 generation) 
were screened (primers: #137-141).  
Figure 14. High resolution melt (HRM) proof-of-principle experiment. 
A.  Several individual reactions each with different sized DNA fragments are shown. 
B. Individual reactions with different ratios of the 184- and 190-bp fragments (percentage denotes 
the amount the 184-bp fragment compared to the 190-bp one). PCR reactions were prepared 
and amplified as described in Section 3.2.2.2.4. Amplification of the 190-bp fragment was run in 
triplicate. After the amplification, HRM was performed and data exported to Excel for analysis. 
First, all curves were normalized on the Y-axes to fit between 0 and 100, and subsequently, a 
control (one of the 190-bp fragments curves) was subtracted from all other curves (dRFU). 






Figure 15 gives an example of a small number of curves obtained for TALENs 
1/2 plants (in red) as well as five WT plants (in blue). As it can be seen in the 
figure, samples from all plants (including the WT) exhibited significant variations. 
These variations were probably artifacts, which were caused by difference in 
the inhibition of the polymerase by inhibitors in the DNA samples. This inhibition 
problem becomes evident when the amount of DNA sample is varied. Larger 
amounts of DNA sample completely blocked the amplification (data not shown). 
This is not surprising, considering that the DNA used in these experiments was 
probably contaminated with polysaccharides and phenols. These artifacts are not 
visible in the samples shown in Figure 14, as for them the same source of DNA 
was used, and hence the same levels of inhibition were present in all samples. 
Dilution of the DNA or reduction of the amount can partly help reduce the artifacts 
(samples in Figure 15 were diluted prior to amplification). However, they are still 
present and may mask mutations. Due to these problems, by the time of 
completion of this thesis, no TALENs induced mutation had been detected. 
Nevertheless, the HRM method is very sensitive in mutation detection, however 
but more optimization of the DNA sample preparation and the optimal 






















Figure 15. HRM analysis of TALENs expressing plants.  
Only a few of 144 TALENs 1/2 curves (red lines) are depicted, together with 5 WT samples (blue 
lines). For this amplification, sample DNA was significantly diluted, but unequal amplification 






3.4. Analysis of the functional homology between AtCox11 and ScCox11 
As described above (Figure 5), the putative Arabidopsis Cox11 homologue 
(AtCox11) shares striking sequence and structural similarities with the yeast 
homologue (ScCox11). The functional homology between the two proteins was 
tested by checking whether AtCox11 could functionally replace ScCox11 in the 
ΔSccox11 yeast background (complementation assay). Baker’s yeast 
(Saccharomyces cerevisiae) is a very good model for the experiments focusing 
on respiration, as knock-out of many COX assembly factors (including ScCOX11) 
leads to respiratory deficiency and inability to grow on respiratory media (with 
ethanol and/or glycerol as the carbon source). However, these respiratory 
deficient strains maintain their ability to grow normally on fermentable media (with 
glucose). The complementation assay tests whether AtCox11 can functionally 
replace ScCox11 and restore respiration in ΔSccox11 cells. 
The full-length ScCOX11 construct (V22, Table 12) was used as a positive 
control. For the complementation assay, I generated the full-length AtCOX11 as 
well as two chimeric genes AtCHYM and ScCHYM (V23-V25, Table 12). The first 
chimera, AtCHYM, had one part of the gene coding for the N-terminus and the 
TM domain from AtCOX11, while the other part coded for the C-terminus from 
ScCOX11. The transition was made in the middle of the conserved region at the 
end of the TM domain (YAAVPLYR, Figure 5). ScCHYM was the opposite to 
AtCHYM, with one part coding for the N-terminus and TM from ScCOX11 and the 
other part coding for the C-terminus from AtCOX11. The constructs were cloned 
into single-copy vectors under the control of the relatively strong alcohol 
dehydrogenase (ADH) promoter (according to RNA microarray data 
(Genevestigator) ADH mRNA is around 40 times more abundant than that of 
ScCOX11). These constructs together with the empty vector were transformed 
into the ΔSccox11 yeast strain (Y06479) as described in Section 2.2.3.2.  
As a first step, the expression of the transformed constructs in yeast cells 
was tested. Due to unavailability of ScCox11 and AtCox11 antibodies, the 
expression was tested on the mRNA level with reverse-transcription (RT) PCR. I 
isolated total yeast RNA (Section 2.2.4.1) and performed RT reactions (2.2.4.3) 
with reverse transcriptase (+RT) or without (-RT). Primers (specific for either the 





All primer pairs, their optimized temperatures and amplicon size are listed in 
Table 17 (Appendix). The β-tubulin as a housekeeping gene was used as a 
control. Total RNA was isolated from yeast cells carrying all four constructs and 
from the controls (cells with empty vector and WT cells), and reverse transcribed 
into cDNA (+RT and –RT, Section 2.2.4.3). For each cDNA sample, all 5 primers 
pairs were tested (both for +RT and –RT).  
The Figure 16 summarizes the results from all RT-PCR reaction. It can be 
observed that specific mRNAs were present only in cells transformed with 
constructs corresponding to the primers used. In case of the ScCOX11 primers, 
the amplification of the native gene can be observed in the WT cells as well. 
However, the native ScCOX11 mRNA was clearly much less abundant than in 
the overexpressor. The amplification of β-tubulin mRNA showed that all samples 
contained comparable amounts of RNA. Negative RT reactions demonstrated the 
absence of genomic DNA contaminations. In conclusion, all yeast strains 







































Figure 16. Expression analysis of complementation constructs by RT-PCR.  
The left panel shows the result for the reactions where +RT was used as a template. For each of 
the six cDNA samples (listed on top + negative control (neg.)), five RT-PCR reactions were run 
with specific primers pairs (left side). Amplification can be observed in reactions where the 
appropriate template was present. Right panel shows the results of same RT-PCR reactions but 
with –RT as a template. For all shown experiments 1% TBE agarose gels were used, except for 






After confirming the expression, the transformed yeast strains were tested for 
respiratory competence (Figure 17) as described in Section 2.2.6.1. While the 
Δ+ScCOX11 strain, as expected, grew like the WT, the other strains did not grow. 
The only exception was a weak spotty growth of the Δ+AtCHYM strain, after 30 
days of incubation. The same results were obtained when yeast strains were 
spotted on YPG or YPE plates with varying amounts of copper (data now shown). 
Therefore, it can be concluded that neither AtCox11 nor the chimeras can 
functionally replace ScCox11. This was surprising considering the high similarity 
between AtCox11 and ScCox11 as demonstrated in Figure 5. 
Next, it was tested whether the change in expression levels of the constructs 
would yield different results. To accomplish this, all four complementation 
constructs were cloned either into single-copy plasmids with the native ScCOX11 
promoter (vectors V33-36) or high-copy plasmids with the ADH promoter for 
strong overexpression (vectors V37-40). All constructs were transformed into 
ΔSccox11 strain. Figure 18 shows the results of this complementation assay. As 
in the case with moderate overexpression, native and high overexpression of 
ScCox11, restored the respiratory competence in the knock-out strain. While the 
strain with native expression of ScCox11 grew WT-like, the strain with strong 





















Figure 17. Respiratory competence test with moderate overexpression of the complementation 
constructs.  
The ΔSccox11 strain was transformed with single-copy vectors containing constructs under the 
control of the ADH promoter. Serial dilutions of all strains were spotted on fermentable media 
(YPD) and respiratory media (YPEG with varying supplementation of copper) and cultured at 
30°C. YPD plates were cultured for 2 days. YPEG plates were incubated differently depending 






even after 30 days of incubation. Interestingly, in these experiments the 
Δ+AtCHYM strain did not exhibit the sporadic growth observed with moderate 
overexpression.  
Even though all the complementation constructs were expressed, their 
inability to restore respiration could be due to cellular mis-localizations of the 
respected proteins. This might be a particular problem in the case of AtCox11 
and ScChym constructs which lack yeast-specific mitochondrial targeting signals. 
To test their subcellular localization, I tagged all four complementation constructs 
with a 3HA tag (vectors V29-32). Tagged constructs were expressed from single-
copy vectors with the ADH promoter (moderate overexpression) in the ΔSccox11 
background. These constructs were also tested for respiratory competence 
(Figure 19).  
Apparently the function of ScCox11 was not affected by the 3HA tag. On the 
other hand, influence of the 3HA tag on AtChym is less clear. The number of 
Δ+AtCHYM colonies varied from experiment to experiment, even for the 
























Native expression – pAG415COX11… Strong overexpression – pAG425ADH…
Figure 18. Respiratory competence test with native and high overexpression of the 
complementation constructs.  
The ΔSccox11 yeast strain was transformed with complementation constructs in single-copy 
vectors under native ScCOX11 promoter (left two panels) or in high-copy vectors under ADH 






Nevertheless, these strains were used for crude cellular sub-fractionation. 
Crude mitochondrial and cytoplasmic fractions were isolated as described in 
Section 2.2.5.2.1. Proteins from both fractions were separated by SDS-PAGE 
and detected by Western blot (Sections 2.2.5.4 and 2.2.5.6). Figure 20 shows 
that all 4 complementation proteins are almost completely detected in the 
mitochondrial fraction. All 4 proteins appeared as two bands each, in the size 
range of 30-40 kDa. The exact nature and difference between the two bands is 
unclear. The two bands could correspond to proteins with different types of 
posttranslational modifications. Several more bands were present in size range 
of 60-70 kDa. These bands most probably corresponded to the dimer form of 
Cox11. The detection of the compartment marker proteins demonstrated the 
purity of the two fractions.  The ScPgk1 (a cytoplasmic marker) was present in 
the mitochondrial fraction, because the glycolysis enzymes can be associated 
with OMM, but are not imported into the mitochondria (Graham et al., 2007).  
While it can be concluded that AtCox11 cannot functionally replace ScCox11, 
the cause of the sporadic growth of the Δ+AtCHYM strain remains an open 
question. This construct has the functional C-terminal region from yeast and it 
appears to be correctly localized to mitochondria, and yet only few (<0.1%) of the 
cells showed minor growth. In an effort to understand this spotty growth of 
Δ+AtCHYM under moderate overexpression conditions, a following experiments 
were performed: first, the vector and AtCHYM gene were tested for possible 


















Figure 19. Respiratory competence test of 3HA-tagged complementation constructs. 






vectors were isolated as described in Section 2.2.2.1.2. Sequencing revealed that 
there was no mutation within the AtCHYM gene, and after retransformation of the 
rescued vectors into yeast, the strains showed same sporadic growth as 
observed before (Figure 21), indicating that there was no change in the plasmid 
backbone.  
In the second step, the respiratory competent Δ+AtCHYM cells were tested 
for possible genomic reversion mutations that would complement the function of 
the lacking ScCox11. For this, the plasmid was depleted from the respiratory 
competent Δ+AtCHYM cells as described in Section 2.2.6.3. After 20 days of 
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Figure 20. Subcellular localisation of the proteins used in complementation assay.  
Yeast cells expressing different constructs were subfractionated into a crude cytoplasmic fraction 
(C) and crude mitochondrial fraction (M). WT and ΔSccox11 containing the empty vector were 
used as negative controls. All four “complementation” proteins were detected with antibodies 
against HA tag. The purity of the two fractions was evaluated by detection of compartment marker 
proteins. Phosphoglycerate kinase 1 (Pgk1) served as a cytoplasmic marker and Porin 1 (Por1) 
as a mitochondrial marker. Due to the clear size difference between the Pgk1 and Por1, the 
membrane was incubated sequentially with antibodies without stripping, and signals were 
detected on the same film. After the HA detection, the membrane was stripped of bound 
antibodies. Below the name of each strain, the theoretical sizes of mature proteins (after cleavage 






media (MM) with selection (control group), all cultures were spread on YPD plates 
(~100 cells/ plate).  
After colonies had appeared, they were replica plated on selection MM and 
YPEG plates. In the control group (cultured in MM without plasmid depletion), out 
of 60 colonies on YPD plate, 45 and 40 colonies were still able to grow on 
selective minimal media and YPEG, respectively. In the depletion group 
(3 replicates), none of the colonies that grew on YPD (colony number per plate: 
74, 63, 81), was able to grow either on MM or YPEG media. On one of the YPEG 
plates, two colonies grew, but most probably represent a contamination. This 
experiment demonstrated that the respiratory competence of the Δ+AtCHYM 
cells were dependent on the vector and that complete genomic reversion 
mutations was lacking.  
However, it is possible that these cells carried a mutation in a gene coding 
for of another protein(s) that allowed better functioning of the AtChym protein 
through, for example, improved protein-protein interaction.  
As it is somewhat challenging to sequence the entire genome, I chose to 
check the genes encoding several proteins that ScCox11 might interact with 
(ScCOXI, ScSHY1, ScCOXIV, ScCOXVa, ScCOX14, ScCOX25, ScCOA1, and 
ScCOA2). ScCOX1 encodes a first subunit of the COX complex, the most 
probable direct interaction partner of ScCox11. Other genes encode proteins that 
participate in COX assembly. I isolated genomic DNA from respiratory competent 








Figure 21. “Vector rescue” of AtCHYM.  
The vector carrying AtCHYM was isolated from the respiratory competent Δ+AtCHYM cells and 
was retransformed into ΔSccox11. Strains transformed with rescued vector (Δ+AtCHYM Res., 3rd 
and 4th row) had the same sporadic growth phenotype as strain transformed with original AtCHYM 






Δ+AtCHYM cells (Section 2.2.2.1.3), amplified the genes mentioned above by 
PCR (primers #95-124 from Table 9) and sequenced them with the forward 
primers. For COXI (the only gene with introns), all 8 exons were amplified and 
sequenced individually. Sequencing revealed that none of the genes had 
mutations. Unfortunately, I was unsuccessful to find the cause of the sporadic 
respiratory competence of Δ+AtCHYM cells.  
From the data presented above it can be concluded that AtCox11 and 
ScCox11 do not share functional homology despite their high similarity. However, 
this fact alone does not exclude AtCox11 as a putative member of the Cox11 
family. If AtCox11 is a true member of the Cox11 family it should share some of 
its important characteristics: mitochondrial localization and membrane topology. 
Cox11 proteins are tethered to the inner mitochondrial membrane with the 
C-terminal region facing the intermembrane space. Results regarding the 
subcellular localization and membrane topology of AtCox11 are presented in the 
next two sections.  
3.5. Subcellular localization of AtCox11 
For determination of the subcellular localization, AtCox11 was fused in-frame 
to mRFP (monomeric red fluorescent protein) and placed under the control of the 
constitutive strong CaMV 35S promoter (V17, Table 12). This construct was 
transformed into the mt-GK Arabidopsis background, which expresses 
mitochondria targeted GFP (GFP fused to MTS from ScCoxIV). As a control, 
mRFP alone was also cloned under the control of the same promoter (V18, Table 
12) and transformed into WT and mt-GK plants. Imaging was performed as 
described in Section 2.2.9.3 with ~14-day-old T2 generation seedlings cultured 
on MS+2% Suc plate with the appropriate selection on long-day conditions.  
In the first step, the λ (spectral imagining) mode was used to observe spectra 
of the both fluorophores used in confocal microscopy of mt-GK/35S::AtCOX11-
mRFP plants. In this mode, light that arrives from the sample is spectrally split 
and detected by 34 individual detectors. By doing so a spectrum is created for 






Figure 22 compares the theoretical spectra of GFP and RFP (A.) with spectra 
obtained experimentally from imaging of mt-GK/35S::AtCOX11-mRFP plants 
(B.–D.). The figure demonstrates that the experimental signals do correspond to 
GFP and mRFP. As it can be seen in Figure 22, GFP and RFP have well 
separated spectra, however, the GFP emission does partly overlap with the 
mRFP emission (possible bleed-through) and RFP could theoretically be excited 
by the 488-nm laser (possible cross-talk). Bleed-through is defined as 
fluorescence emission in an inappropriate detection channel caused by overlap 
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Figure 22. Comparison of the theoretical and experimental GFP and RFP spectra.  
A. The theoretical excitation (dotted line) and emission (full line and filled) spectra from GFP (blue) 
and RFP (yellow). This image was generated with the LifeTechnologies fluorescence 
spectraviewer software. This graph depicts relative fluorescence intensities of GFP and mRFP.  
In absolute values GFP has significantly higher intensity than mRFP. B-D. Mt-GK/35S::AtCOX11-
mRFP plants were imaged in the λ mode, hence for each pixel of the image, fluorescence intensity 
spectrum is available. Each coloured line in B.-D. presents averaged spectra of the pixels in a 
small region of the image (usually corresponding to only few mitochondria). For each image 
several regions were chosen, and the spectrum of each is depicted. B. Spectra observed in a cell 
excited by the 488-nm (GFP) laser. C. Spectra observed in the cell excited by 561-nm (mRFP) 
laser. D. Spectra observed in the cell excited simultaneously with 488- and 561-nm lasers. The 






of the emission spectra, while cross-talk as simultaneous excitation of several 
fluorophores with the same wavelength due to overlap of the excitation spectra 
(Bolte and Cordelières, 2006).  Therefore, it was important to determine if there 
is a possible cross-talk and bleed-through between the fluorophores and 
channels with the settings used for colocalization imaging. Therefore, plants 
expressing just GFP (mt-GK) or just mRFP (WT/35S::mRFP) were observed 
under the same conditions used for colocalization imaging (simultaneous use of 
488- and 561-nm lasers in the channel mode). As it can been seen the Figure 23 
A and B, there was no bleed-through from either GFP or mRFP, hence these two 
fluorophores and the chosen settings are well suited for colocalization analysis. 
Cross-talk from either fluorophore was also absent (Figure 50). This is relevant 
as colocalization imaging was performed with simultaneous excitation by both 
lasers.   
As stated before, all colocalization images were captured in the channel 
mode with simultaneous excitation by the 488- and 561- nm lasers and 
simultaneous detection of both fluorescence channels and bright-field channel. 
As a control, 35S::mRFP alone was also transformed into the mt-GK background 
to exclude the possibility that mRFP was targeted into mitochondria by itself. 
Figure 23 C. shows an example of a root cell of mt-GK/35S:: mRFP plant. It can 
be seen that mRFP (falsely colored magenta) remained in the cytoplasm, and it 
was not targeted to GFP (falsely colored green) labeled mitochondria. On the 
other hand it can be clearly seen in the images of the root cell of the 
mt-GK/35S::AtCOX11-mRFP plants (Figure 23 D.) that the signals from mRFP 
colocalized with the signals from GFP, indicating that AtCox11-mRFP was, as 
expected, targeted to mitochondria. Interestingly, different mitochondria within a 
cell exhibited varying GFP and AtCox11-mRFP signal intensities, which could 
indicate variation in the import rates of the two proteins in different parts of the 
cell. This phenomenon was observed in other cells as well. Colocalization 
between GFP and AtCox11-mRFP was also observed in epidermal cells (for 
example in the guard cells stroma apparatus) of the mt-GK/35S::AtCOX11-mRFP 
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In an effort to approach colocalization analysis in more quantitative manner, 
several images of mt-GK/35S::mRFP and mt-GK/35S::AtCOX11-mRFP cells 
(including the ones in Figure 23 and Figure 51) were analyzed with Fiji’s plugin 
for colocalization, JACoP (Bolte and Cordelières, 2006). In order to minimize the 
influence of background fluorescence, several regions of interest (ROI) of each 
image were chosen and individually analyzed. Generally, regions abundant in 
mitochondria were chosen as ROIs. The JACoP plugin performed several 
analyses for the colocalization estimation. The most often used analysis is the 
generation of scatter plots or fluorogram with calculation of the Pearson’s 
coefficient (PC). In the fluorogram, intensity values for both channels for each 
pixel are plotted against one another (Figure 24). As a result, pixels that contain 
both signals will be positioned in the middle of the fluorogram, while pixels with 
only one color will be positioned towards the appropriate axis.  
Figure 24 demonstrates fluorograms from a region of the mt-GK/35S::mRFP 
image (A.) and mt-GK/35S::AtCOX11-mRFP image (B.). In case of mt-
GK.35S::mRFP image pixels cluster more toward the axis than in the middle 
indicating that individual pixels have one or the other color but not both. This is 
an example of absence of colocalization. In case of mt-GK/35S::AtCOX11-
mRFP, most pixels cluster in the middle, meaning that they have both colors. This 
is an example of complete colocalization. The Pearson’s coefficient estimates the 
spread of the pixels distribution with the respect to fitted line, and its values range 
between -1 and 1, with 1 indicating complete colocalization. However, values that 
are not close to 1, especially those in the mid-range (-0.5 to 0.5) do not allow to 
draw a clear conclusion (Bolte and Cordelières, 2006).  
Figure 23. Analysis of AtCox11-mRFP subcellular localization by confocal microscopy. 
All images were captured in the channel mode by simultaneous excitation of both fluorophores 
with the 488- and 561-nm lasers and simultaneous detection of both fluorescence channels as 
well as bright-field. A. Root cell of a mt-GK plant, which expressed only mitochondria targeted 
GFP (falsely coloured green). Faint signals detected in the RFP channel were autofluorescence 
of the cell walls. B. Root cell of WT/35S::mRFP which expressed mRFP alone (falsely coloured 
magenta) in WT Arabidopsis background. C. Root cell of mt-GK/35S::mRFP which expressed 
mRFP in mt-GK background. D. Root cell of mt-GK/35S::AtCOX11-mRFP which expressed  






Another popular factor used for estimation of colocalization is Menders 
coefficient (Manders et al., 1992). Menders coefficient 1 (M1) is defined as a ratio 
of the number of green pixels with value for the red channel being above zero 
and number of total green pixels of one image. M2 coefficient is same just for the 
red channel. If for example M1 is 0.9, than 90% of the green pixels also contain 
red, indicating an overlap of the two signals (Bolte and Cordelières, 2006).  
Table 15. Colocalization coefficients 
 Coefficients 
Plant line PC (± SD) M1 (± SD) M2 (± SD) 
Mt-GK/35S::mRFP 0.609±0.129 0.933±0.077 0.202±0.127 
Mt-GK/35S::AtCOX11-mRFP 0.867±0.045 0.864±0.063 0.821±0.078 
Summary of different coefficients for evaluation of colocalization. Coefficients were calculated 
with the JACoP Fiji plugin from a series of confocal images of different cells from both examined 
plant lines. For the explanation of coefficients see text.  
Using images of different cells of both mt-GK/35S::mRFP and mt-
GK/35S::AtCOX11-mRFP, the Pearson’s coefficient (PC), M1 and M2 
coefficients were calculated for several different ROIs in each image. For 
calculation of the coefficients automatic thresholds were used, as defined by 
JACoP plugin. Mean values and standard deviations of these coefficients are 


























































Figure 24. Scatter-plot analysis of AtCox11-mRFP colocalization with mtGFP. 
The position of each pixel reflects the fluorescence intensity of both colocalization channels. A. 
Scatter-plot of mt-GK/35S::mRFP cell (no colocalization). B. Scatter-plot of mt-






shown in Table 15. In the case of mt-GK/35S::AtCOX11-mRFP, all three 
coefficients were close to 1 which indicates colocalization of AtCOX11-mRFP 
with mtGFP. Meanwhile in case of mt-GK/35S::mRFP the PC coefficient was 
much lower and in the range where it cannot give reliable information. The M1 
coefficient indicated that 93% of all green pixels has red in them, while only 20% 
of red had green. A probable explanation for this is that mRFP as a cytosolic 
protein surrounded all mitochondria (but was not imported). This would cause the 
signals to overlap in a two dimensional image.  
One disadvantage of the fluorescence microscopy is that it is impossible to 
distinguish the signal coming from full-sized AtCox11-mRFP or from the cleaved 
protein. In an effort to make this distinction, mitochondrial crude fractions and 
other cellular fractions were isolated from mt-GK and mt-GK/35S::AtCOX11-
mRFP seedlings as described in Section  2.2.5.2.2 (1st protocol version), for 
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C PI PII M C PI PII M
mt-GK + AtCOX11-mRFP
Figure 25. Detection of AtCox11-mRFP by Western blotting. 
Cells were sub-fractionated into four crude fractions. C – cytoplasm, PI – pellet I (etioplasts, 
nuclei), PII – pellet II (mostly etioplasts and mitochondria) and M – mitochondrial fraction. 
AtCox11-mRFP was detected by the αmRFP-specific antibody. The αGFP antibody was used to 
detect the mitochondrial GFP. The purity of all fractions was determined with marker antibodies 






As can be seen in Figure 25, AtCox11-mRFP is not cleaved, as the respective 
signal had the expected size of about 50 kDa. Even possible faint dimer bands 
are visible. Beside the correct size of AtCox11-mRFP, this blot also showed that 
this protein is present in mitochondria, as its signals exhibited the same pattern 
as mitochondria targeted GFP and the marker protein VDAC1. Interestingly, GFP 
is also partially localized to cytoplasm, which might contribute to reduced 
colocalization coefficients, as described above.   
3.6. AtCox11 protein topology  
For determination of the AtCox11 protein topology, the protein was tagged 
with the 3HA tag (Construct V16, Table 12). This construct, which is under the 
control of constitutive strong CaMV 35S promoter, was transformed into the WT 
Arabidopsis background. Five T2 generation lines were selected and 
characterized by Western blot. Seedlings of all five lines were used for crude 
cellular subfractionation (Section 2.2.5.2.2, 1st protocol version). Proteins from all 
fractions were separated by SDS-PAGE, transferred to a membrane and 
detected with αHA antibody (Figure 26).  
As it can be observed, all five selected lines expressed AtCox11-3HA. 
Additionally, mitochondrial localization of AtCox11-3HA was observed, as its 
signals exhibited a similar pattern as the mitochondrial marker protein AtCOXII. 
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AtCox11-3HA 
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αAtCOXII
AtCOXII – 30 kDa
αAtRbcL
AtRbcL – 53 kDa
αAtcFBPase
AtcFBPase – 37 kDa
Figure 26. Subcellular localization of AtCox11-3HA by Western blot.  
Seedlings from 5 independent WT/35S::AtCOX11-3HA plant lines were subfractionated into four 
crude fractions C – cytoplasm, PI – pellet I (etioplasts, nuclei), PII – pellet II (mostly etioplasts and 
mitochondria) and M – mitochondrial fraction. Purity of all fractions was determined with 







A cytoplasmic marker AtcFBPase was also present in the mitochondria, probably 
because like ScPgk1 it is a glycolytic protein and therefore associated with the 
OMM (Graham et al., 2007). Lines 2 and 4 were propagated to the T3 generation 
(both hemizygous) and used in further experiments.  
 The sodium carbonate extraction was performed (Section 2.2.5.8) with pure 
3HA 4 Arabidopsis mitochondria (Section 2.2.5.2.3) in order to determine whether 
AtCox11 is a soluble or an integral membrane protein. Figure 27 A. demonstrates 
that AtCox11 was predominantly present in the integral membrane protein 
fraction, like the marker membrane protein AtCoxII. Interestingly, the dimer form 
of AtCox11 was enriched in the integral protein fraction, indicating that AtCox11 
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Na2CO3 protein extractionA. B. Trypsin treatment 
Figure 27. Determination of the AtCox11-3HA topology within IMM.  
A. Soluble and integral membrane protein fractions from pure mitochondria were separated by 
Na2CO3 extraction. AtCox11-3HA was detected with αHA antibody. The quality of the extraction 
was assessed by detection of marker proteins. AtCoxII was used as an integral protein marker 
and AtGDC-H as a soluble protein. B. The topology (membrane orientation) of the AtCox11-3HA 
was determined by a trypsin digestion susceptibility assay, where mitochondria and mitoplasts 
(mitochondria with ruptured OMM) were treated with increasing concentration of trypsin. The 
AtCytochrome c and AtGCD-H were used as compartment markers for the IMS and matrix, 
respectively. 200T lanes contained, besides trypsin, 1% triton X-100. Red frames emphasize the 
regions that shows the biggest difference between the mitochondria and mitoplasts, in the 






A certain amount of AtCox11 was detected in the soluble fraction as well, 
possibly due to of mis-targeting of overexpressed AtCox11-3HA. The H subunit 
of soluble matrix glycine decarboxylase complex (GDC) was used as a marker 
protein for the cytoplasm.  
For determination of the AtCox11-3HA membrane topology, a trypsin 
digestion susceptibility assay was performed (Section 2.2.5.9) on crude 
mitochondria, isolated (Section 2.2.5.2.2, Version 1) from the third generation of 
3HA-2 seedling cultured in liquid MS+2% Suc media in the long-day conditions. 
In this assay, the intact mitochondria and mitoplasts (mitochondria with ruptured 
OMM) were treated with increasing concentrations of trypsin. Trypsin is too big 
to pass through membranes, hence it will only digest accessible proteins which 
are not protected by membranes. In case of the intact mitochondria these are 
external and OMM proteins, while in case of mitoplasts, the IMS proteins will also 
be accessible. 
Figure 27 B. shows the digestion assay results for AtCox11-3HA, as well as 
for two compartment marker proteins (AtCytochrome c for IMS and AtGDC-H for 
matrix). It appears that the AtCox11-3HA was more protected in the intact 
mitochondria compared to the mitoplasts (at 100 and 200 μg/ml trypsin 
concentration). AtCox11-3HA had the same pattern as the IMS marker protein 
AtCytochrome c and differed from the pattern of the matrix marker AtGDC-H, 
which seemed to be protected in both cases (mitochondria and mitoplasts). The 
αAtCytochrome c antibody recognized unspecifically some digestion product with 
sizes slightly smaller than AtCytochrome c. Interestingly, the dimer form of 
AtCox11-3HA was much more susceptible to trypsin treatment. In the mitoplasts 
even the smallest amount of trypsin was able to degrade part of the dimers, while 
in case of the mitochondria, dimers were protected at least at lower 
concentrations of trypsin. The observed degradation at a higher trypsin 
concentration in the mitochondria could be caused by unintended bursting of the 
OMM. For the optimal trypsin activity, the mitochondria were incubated at 37°C, 
which could have caused damage to the OMM. In the last lane, of both groups 
(labeled 200T) a 1%Triton X-100 was added besides 200 μg/ ml trypsin, This was 
used to completely disrupt both membranes and to show that proteins are not 





a definitive conclusion to be made, it appears that the tagged C-terminal part of 
the AtCox11-3HA is oriented toward the IMS.  
In the last two sections, it was demonstrated that AtCox11 has two important 
characteristics for Cox11 family members. AtCox11 is a mitochondrial protein and 
probably has the same topology within the IMM, as observed for the other family 
members. 
3.7. AtCOX11 expression pattern 
The focus of this section is to determine the expression pattern of the 
AtCOX11 gene. As a first step, publicly available RNA microarray data from 
Arabidopsis were analyzed with the Genevestigator software (Section 2.2.11). 
Figure 28 shows the levels of AtCOX11 expression during the plant development 
(A.) as well as in different parts and organs of the plants (B.). Interestingly, it 
appears that during the development the total amount of AtCOX11 mRNA did not 
change significantly, with exception of senescence, when the gene was up-
regulated. Other genes involved in respiration (AtHCC1, AtCOX17-1, 
AtCOXVb-1, Figure 52) had comparable patterns. When expression in different 
organs of the plant was analyzed, a relatively uniform amount of the AtCOX11 
mRNA was observed, with the exception of the hypocotyl, which showed 
significantly lower amounts of AtCOX11 mRNA.  
B.A.
Figure 28. Analysis of the developmental and tissue expression pattern of AtCOX11. 
Genevestigator was used to analyse all publicly available Arabidopsis RNA microarray data, in 
order to determine the levels of AtCOX11 (At1g02410) mRNAs in different developmental stages 






  However, these data points are averages from large number of experiments 
performed under different conditions, and should be more perceived as a guide 
and not an actual fact. In order to determine the exact tissue expression pattern 
of the AtCOX11, its putative promoter was cloned in front of the reporter gene β-
glucuronidase (GUS). The putative promoter region was defined as a sequence 
from the end of the previous gene (5’ relative to AtCOX11) to just before the start 
codon (ATG) of AtCOX11 gene (Figure 48). As such the expression of the GUS 
gene was directed by the promoter as well as almost the complete 5’ UTR and 
first exon of AtCOX11 (Figure 4). The AtCOX11::GUS construct (V19, Table 12) 
was transformed into the WT background and three T2 generation lines were 
used for the experiments (Table 14). The GUS staining of different developmental 
stages and organs (Figure 29) was performed as described in Section 2.2.5.15.  
 As can be seen in the panel A., soon after the start of the imbibition the whole 
seedling expressed AtCOX11 in high levels. However, as the development 
progressed (panels B.-D.), expression of AtCOX11 was significantly reduced 
(below the assay detection limit) in most tissues, with few exceptions. Very high 
levels of AtCOX11 expression were maintained in both shoot and root apical 
meristems, as well as in the meristems of later roots (Panel D., lower insert). 
AtCOX11 was also continuously expressed in the vascular tissues of the source 
and sink organs (leaves and roots, respectively), but was absent in the vascular 
tissue of primary transport organs (hypocotyl, stem, etc.). The young leaves, 
close to shoot meristem (panel D.), also showed expression of AtCOX11, but as 
they matured, expression was reduced (below the detection limit of the assay), 
except in vascular tissue and stomatas (guard cells, panel D, upper insert). Fully 
developed leaves (panel G.) only exhibited AtCOX11 expression in vascular 
tissues close to leaf periphery. In flowers (panel E.) AtCOX11 was expressed in 
vascular tissue of filament (part of stamen) and in stigma, while in siliques (panel 
F.) it was expressed in the seed abscission zone. All three tested plant lines gave 
similar results.  
In short, the AtCox11 was expressed in tissues with high division rates 
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Figure 29. AtCOX11::GUS activity staining of various Arabidopsis organs and developmental stages.  
A. After overnight imbibition at 4°C, the seed coat was removed and embryos were stained. B. and C. Seedlings were stained 3 or 6 days after the initial overnight 
imbibition. D. 12-day-old seedling. Insert panels show stomata (upper panel), and root vascular tissue with lateral root primordia (lower panel) under higher 







3.8. Establishment of quantitative PCR (qPCR) analysis   
Quantitative PCR is a very powerful and sensitive method to quantify RNA or 
DNA molecules. In this work qPCR was used for quantification of mRNA 
molecules (in Real-time RT-PCR mode) as described as Section 2.2.2.2.3. RNA 
was isolated and reverse transcribed as described in Sections 2.2.4.1 and 
2.2.4.3. The quality of all RNA samples was checked with NanoDrop and 
BioAnalyser (Section 2.2.4.2). For most RNA samples analyzed in this thesis, the 
RIN values were in range from 7 to 9. These are satisfactory values for RNA 
sample used in qPCR quantification. This relatively broad range of RIN values, 
refers to all samples used in this thesis. Samples within one comparison group 
usually had similar RIN values, which is desired for accurate quantification.  
All qPCR optimizations steps that are described here apply for all 
experiments involving qPCR in later sections. All primer pairs were designed to 
recognize sequences close to 3’ ends of the genes to span an intron and to have 
optimal annealing temperature of 60°C. The exact cycling conditions and 
template amounts were optimized for the AtCOX11 primer pair, but optimal primer 
concentrations were determined for each primer pair. Additionally, efficiencies of 
all primer pairs were determined and used as a correction factor during the 
calculations of expression levels. All information related to the primer pairs are 
listed in Table 16. The qPCR reaction with all primer pairs were run on high 
percentage agarose gels (Figure 53), in order to check the primers specificity and 
sizes of amplicons.  
As can be seen, all primer pairs were specific. Each reaction gave a single 
product of the correct size. The AtCOX11 primer pair formed some primer dimers 
which is also reflected in their efficiency. The AtPP2AA3 (At1g13320) and 
AtACT2 (At3g18780) were used as housekeeping genes for normalization. All 
data processing and expression analysis was performed with the CFX manager 
















(bp) Comments  Reference 
cDNA gDNA 
1 At1g02410 
AtCox11 F2 GATTGACATGCCGGTCTTCT 





AtCox11 R2 TGGTTTCTTGAACTGGAACAGA 
2 At1g13320 
PP2A F CCTGCGGTAATAACTGCATCT 




al., 2005)  PP2A R CTTCACTTAGCTCCACCAAGCA 
3 At3g18780 
Actin F GGTAACATTGTGCTCAGTGGTGG 




al., 2005) Actin R AACGACCTTAATCTTCATGCTGC 
4 At3g22370 
AOX1a F GGAGGCTTCCTGCTGATGCGACA 




AOX1a R AGCTGGAGCTTCCTTTAGTTCACGACC 
5 At3g08950 
HCC1 F GGCCCGATCTTACCGGGTTT 




HCC1 R CAACGCCGTCTGTCAACGAG 
6 At4g39740 
HCC2 F CGGATGTTGGACCTGAGCA 




et al., 2014)  HCC2 R TTGCACTTGCAGTCCCGGTTA 
7 At3g46900 
COPT2 F TTGGGGTAAGAACACGGAGGT 
0.5 96.1 137 137 
Gene has no 
introns 
 (Del Pozo et 
al., 2010) COPT2 R TGACACGTAGGATCGGTGAATG 
8 At4g23290 
CRK21 F TCGTCCAAGCATGTCCACAA 




CRK21 R CTCTCGGCTAATGGGTTCGG 
9 At3g15352 
COX17-1 F CTGATCAGCCAGCACAAAATGGAT 
0.125 95.3 127 127 
Gene has no 
introns 
This work* 
COX17-1 R CTCAGCTTCTTGGTATCAGGGC 
10 At3g15640 
COXVb-1 Fa GACAAGCGAATTGTGGGCTG 




COXVb-1 Ra AGTACTGAGTGCAAACCGGG 
The optimal final primer concentration (Con. each) and primer pair efficiency were experimentally determined. Amplicon size of cDNA and of potential 





3.9. Generation of AtCOX11 knock-down and overexpression plant lines  
A very important tool in the investigation of new genes and proteins is the 
analysis of effects of the gene knock-down (KD) and overexpression (OE). For 
this reason, such Arabidopsis plant lines were generated.  
As a first approach to generate the knock-down lines, RNA interference 
(RNAi) was chosen. In this approach, a segment of the target gene 
(approximately 200 bp) and its antiparallel segment are cloned together, with a 
loop forming sequence (second intron from Actin 11, At3g12110) separating them 
(Figure 30 A.). After transcription of such a construct, the RNA will form a hairpin, 
which can be recognized by dicer enzyme, processed and used to activate RNAi 
response in the cell. Two constructs were generated, one targeting part of the 
mRNA coding for C-terminus of AtCox11 (RNAi, V20, Table 12), and the second 
one targeting the 3’UTR of the mRNA (RNAi 3UTR, V21, Table 12). Both 
constructs were cloned under the control of estrogen inducible promoter (XVE) 
and transformed into the WT Arabidopsis background. In order to determine the 
knock-down effect (levels of the AtCOX11 mRNA), two independent homozygous 
T3 generation lines were selected for each construct (Table 14). However, none 
of this lines showed a significant knock-down effect (Figure 57, Appendix). 

















Figure 30. Schematic representation of AtCOX11 knock-down and overexpressor constructs.  
A. RNA interference (RNAi) scheme. The RNAi gene was under the control of the inducible XVE 
promoter. After transcription it can form a hairpin structure, which is then further processed by the 
dicer enzyme. B. In Ami lines, the transcription of artificial microRNA (AmiRNA) is controlled by 
the 35S promoter. AmiRNAs can be directly processed by dicer and used for gene silencing. C/D. 







The alternative approach to generate knock-down lines is based on the 
implementation of artificial micro RNA (AmiRNA). This method is similar to the 
RNAi in the later steps of the silencing mechanism (activation of Argonaut 
complex, etc.), but there are major differences in the first steps. As summarized 
in the Figure 30 B., in the AmiRNA approach, artificially designed micro RNAs 
are directly expressed, unlike in the case of RNAi where much larger fragments 
are expressed. AmiRNAs were under the control of the 35S promoter. Two 
AmiRNA AtCOX11 plant lines used in this work were a kind gift of Prof. Gonzalez 
(UNL, Santa Fe, Argentina). The lines were generated by Lucila García and 
Natanael Mansilla (UNL, Argentina). Both lines (Ami6 and Ami8, Table 14) were 
T2 generation, hemizygous for T-DNA insertion and expressed the same 
AmiRNA which targeted the 5’ end of AtCOX11 mRNA.  The levels of the 
AtCOX11 knock-down were estimated with qPCR (Figure 31). 
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Figure 31. AtCOX11 mRNA levels in Ami and OE lines.  
Total RNA was isolated from 14-day-old seedlings, cultured on MS+1% Suc plates under long-
day conditions. For Ami lines, plates were supplemented with 30 μg/ml of Km. Ami6 and Ami8 
were T2 generation plants, while Ami6-2 and Ami6-5 were T3 generation (they are progeny of 
Ami6). Ami lines were hemizygous (for T-DNA insertion). OE were T3 generation and 
homozygous (for T-DNA insertion). AtPP2A and AtACT2 were used for normalization as 
housekeeping genes. Asterisks represent statistical significance. Each bar represents the mean 
value of 3 biological replicates with 3 technical replicates each. Ami (KD) and OE lines are 






Both lines exhibited a significant reduction of the AtCOX11 mRNA levels, to 
about 30% of the WT. Subsequently, Ami6 line was propagated into the T3 
generation and progeny from two individual plants (batches Ami6-2 and Ami6-5, 
both hemizygous for T-DNA insertion) were used in all experiments. The 
AtCOX11 knock-down was confirmed for both batches (Figure 31). The Ami8 line 
was used in T2 generation, as the knock-down effect proved to be unstable and 
was lost in the T3 generation (Figure 55, Appendix). Ami6-2, Ami6-5 and Ami8 
lines were used in all further experiments.  
As all Ami lines (both generations) were hemizygous for T-DNA insertion, the 
seedlings were always cultured on selection (Km 30 μg/ ml) MS+1% Suc media. 
This also applies to seedlings used for RNA isolation and AtCOX11 mRNA 
quantification. In order to exclude a possible influence of the Km on the mRNA 
levels, a homozygous Km resistant line was used (WT/35S::GUS, Table1 14). 
This line, a kind gift from Prof. Gonzalez (UNL, Santa Fe, Argentina) expressed 
the GUS gene under the control of the 35S promoter. The resulting GUS protein 
should remain in cytoplasm and not affect cellular processes. These 35S::GUS 
seedlings were cultured on MS+1% Suc plates with and without Km and used for 
total RNA extraction and mRNA quantification. As expected, the presence of Km 
in the MS media did not significantly affect the mRNA levels of several genes 
tested (Figure 54, Appendix). 
To generate AtCOX11 overexpression (OE) plant lines, the full-length 
AtCOX11 gene was cloned into a vector under the control of a constitutive strong 
CaMV 35S promoter. One construct was tagged with the 3HA tag (3HA 2: Figure 
30 C., V16 Table 12), the other was untagged (35S 1: Figure 30 D., V15 Table 
12). Both versions were transformed into the WT background. For all 
experiments, T3 generation homozygous (in respect to T-DNA insertion) plants 
were used (Table 14). The 3HA line used in overexpression experiments is the 
homozygous progeny of the 3HA T2 line depicted in Figure 26. Levels of 
AtCOX11 mRNA were determined for both lines. The 3HA 2 line had about 6 time 
more AtCOX11 mRNA compared to the WT, while the 35S 1 line exhibited about 






In an attempt to assess the influence of AtCOX11 KD and OE, mRNA levels 
of several other genes involved in the COX complex assembly or respiration were 
also quantified by qPCR (Figure 32). Interestingly, other copper chaperones 
(AtHCC1 and AtCOX17-1) were up-regulated in the KD lines and only slightly 
affected in the OE. The COX complex subunit AtCOXV-1 was up-regulated in 
both KD and OE plants. Alternative oxidase (AtAOX1a), which can functionally 
replace COX complex was highly up-regulated in the KD plants with the exception 
of Ami8, while it was only slightly up-regulated in OE plants. 
In summary, 3 KD plant lines and 2 OE lines were successfully obtained and 
characterized. KD plant lines showed an interesting effects on the steady state 
levels of other mRNAs.  
 
  
AtHCC1 AtCOX17-1 AtCOXVb-1 AtAOX1a
WT 1.00 1.00 1.00 1.00
ami6-2 2.43 2.22 2.00 4.23
ami6-5 1.70 1.68 1.64 2.68
ami6 2.49 2.25 2.30 7.33
ami8 1.84 1.84 1.89 1.63
WT 1.00 1.00 1.00 1.00
3HA 2 0.97 1.22 1.56 1.38

















































Figure 32. The mRNA levels of genes involved in respiration in AtCOX11 KD and OE plants. 
In parallel to the quantification of AtCOX11 (Figure 31), total RNA from KD and OE plants was 
used for quantification of several other genes (AtHCC1 and AtCOX17-1 IMS copper chaperones; 
AtCOXVb-1 COX complex subunit; AtAOX1a alternative oxidase capable of replacing the COX 
complex). AtPP2A and AtACT2 were used for normalization as housekeeping genes. Asterisks 
represent statistical significance. Each bar represents mean values of 3 biological replicates with 






3.10. COX complex activity in KD and OE plant lines 
If AtCox11 is a true member of the Cox11 family, it should be involved in the 
COX complex assembly. Therefore, the consequences of AtCOX11 knock-down 
and overexpression on COX complex activity were investigated. The COX 
complex activity was measured with two different techniques, cytochrome c 
absorptions assay and BN-PAGE in-gel activity staining.   
3.10.1. Cytochrome c absorption based COX activity assay  
This assay was performed as described in Section 2.2.5.11, with the crude 
Arabidopsis mitochondria isolated from 10-week-old leaves cultured in short-day 
conditions (Section 2.2.5.2.2, 2nd protocol version). This assay is based on 
monitoring the absorbance of cytochrome c. Reduced cytochrome c has a 
characteristic α absorption peak (Figure 33 A.) at 550 nm which is absent in the 
oxidized form. In the assay reduced cytochrome c is mixed with mitochondria 
fraction and its reoxidation by the COX complex is followed at 550 nm with 540 
nm as a reference wavelength (Figure 33 C., blue line). Mitochondria possess a 
minimal absorption at these wavelengths (Figure 33 B.). Two peaks observed in 
their spectrum correspond to absorption of contaminating chlorophylls.  
In order to confirm the specificity of the observed reduction of absorptions in 
Figure 33 C. (blue line), the same reaction was performed in the presence of 
1 mM potassium cyanide (KCN), a specific inhibitor of the COX complex. As can 
be observed, KCN (red line) completely blocked the reaction, confirming reaction 
specificity. Figure 33 D. demonstrates the sensitivity of the assay. In this 
experiment, the COX activity was measured with different amounts of the same 
mitochondrial preparation. As expected, COX complex activity correlated with the 
amount of mitochondria used. This assay clearly possesses a considerable 
sensitivity and is able to distinguish even 10% difference in activity. However, it 
should be pointed out that this experiment was performed only in technical 
triplicates with the same mitochondrial preparation, which could account for very 
low standard deviation. Larger SD are expected with biological replicates. COX 
activity was calculated from the slopes of the absorption reduction (A550 nm-
A540nm). Slopes were compared to the experimentally determined standard value. 
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Figure 33. COX activity assay. 
 A. Absorption spectra of reduced cytochrome c with three characteristic absorption peaks. B. Absorption spectra of 10 μg of crude mitochondria fraction. C. 
Example of a COX activity measurement with 10 μg of WT mitochondria and with 1mM KCN (red line) or without (blue line). KCN an inhibitor of the COX complex, 
was used to confirm the specificity of the assay. D. Test of the assay sensitivity. COX activity was measured with decreasing amounts of mitochondria. The 
experiment was performed in technical triplicates with the same crude mitochondrial preparation. Asterisks represent statistical significance calculated with the 






For the measurement of COX activity in the KD and OE lines, three 
independent crude mitochondria fractions were prepared. However, because the 
crude fractions contained potentially different amounts of contaminations, the 
citrate synthase activity was measured (Section 2.2.5.10) for each sample and 
used for normalization of the COX activity, as previously described 
(Steinebrunner et al. 2014). Citrate synthase is one the proteins which are 
unregulated in the citric acid cycle (Taiz and Zeiger, 2010 p.327). For the COX 
activity, 10 μg of crude mitochondria fraction were used and for citrate synthase 
activity 25 μg. For each sample (biological replicate) COX and citrate synthase 
activity were measured three times. Figure 34 summarizes the results for the 
COX activity in KD and OE plant lines.  It can be seen that KD lines shared a 
significant reduction of the COX complex activity (about 45% for Ami6 lines and 
about 55% for Ami8 compared to the WT). Surprisingly OE lines also had a 
reduced COX activity (~80% of the WT), though not as pronounced as in case of 
KD lines. The graph depicts, the values normalized to WT, absolute values are 
given below it.  
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Figure 34. COX complex activity in in KD and OE plant lines.  
COX activity was measured with three crude mitochondria preparations for each plant line (each 
measured in technical triplicates). COX activity of each sample was normalized to citrate synthase 
activity. The graph shows values normalized to WT, while, the absolute values (expressed in nmol 
of cytochrome c reoxidised per minute and per mg of protein) are listed below the graph. Asterisks 







3.10.2. BN-PAGE and in-gel COX activity staining  
An alternative method to observe the COX complex activity is Blue-native 
(BN)-PAGE. While this method is not very sensitive in detecting fine differences 
in activity, it is very good to provide information about the origin of the activity 
(COX or an alternative complex). BN-PAGE and in-gel stainings were performed 
as described in the Section 2.2.5.12. First, crude mitochondria were lysed with a 
very mild detergent allowing for respiratory and other protein complexes to remain 
intact. Subsequently, these intact complexes were separated on non-reducing 
gradient polyacrylamide gels. Their in-gel activity was tested.  
The same crude mitochondria preparations, used in the previous section for 
the COX activity assay, described, were taken for BN-PAGE. Due to varying 
amounts of contaminations between samples, different amounts of crude 
mitochondria fractions were loaded on the gel in an attempt to ensure loading of 
equal amounts of mitochondria. The amounts for loading were calculated based 
on citrate synthase activity. All samples were normalized to WT, for which 100 μg 
of crude mitochondria was loaded. After the gel run, only a few bands were visible 
(Figure 35 A.), probably due to relatively low amount of loaded proteins. In a first 
step, the gel was stained for COX complex activity (Figure 35 B.).  
Brown staining marks the COX activity, which was strongest in the thick 
diffuse band with an estimated size of about 250-400 kDa. This could correspond 
to the monomeric and dimeric COX complex. The estimated size of the COX 
complex monomer is about 230 kDa (Klodmann et al., 2011), but these 
estimations strongly depend on the assay condition used. In the upper part of the 
gel several additional COX activity bands were observed, which probably 
represent respiratory supercomplexes that include COX complex. The exact 
nature and composition of these supercomplexes have not yet been elucidated. 
The COX activity observed in this assay yielded comparable results as observed 
with the cytochrome c absorbance assay. WT and OE plants had similar levels 
of activity, while KD lines had significant reduction of COX activity. For Ami6 lines, 
activity was essentially at the detection limit of the assay, while Ami8 showed an 
intermediate activity.  One lane with the crude WT mitochondria was separately 
stained for COX activity in the presence of 2.5 mM KCN (Figure 35 C.). This COX 





Following the COX complex staining, the same gel was stained for complex I 
activity. The estimated size of the Complex I in Arabidopsis is 1 MDa (Klodmann 
et al., 2011). As can be seen in Figure 35 D., a faint purple activity band of this 
size was detected at varying intensities in all samples including the Ami lines, 
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Figure 35. BN-PAGE and COX complex in-gel activity with KD and OE mitochondria.  
A. BN-PAGE 3-13% gradient gel loaded with crude mitochondrial fractions normalized to citrate 
synthase to ensure equal amounts of mitochondria. B. In-gel staining for COX complex activity. 
C. Control in-gel COX activity staining in the presence of 2.5 mM KCN. D. In-gel staining for 






demonstrating that mitochondria were loaded on all lanes and that AtCox11 
apparently does not influence complex I formation.  
I was able to show with two independent methods, that the COX complex 
activity was significantly reduced in AtCOX11 knock-down plant lines. 
Surprisingly, AtCOX11 overexpressor plant lines also showed a reduced COX, 
with a less pronounced reduction compared to the KD lines.  
3.11. Phenotypic analysis of KD and OE plant lines 
As a next step I assessed the phenotype of the KD and OE plants. Because 
of the COX complex activity results, I focused on the processes that require 
respiration for energy supply, primarily root growth and pollen viability and 
germination.  
3.11.1. Plant morphology and root length  
A first step in phenotypic analysis is the assessment of the alterations in plant 
morphology. Figure 36 shows the morphology of approximately 7-week-old WT, 
KD and OE plants. The OE and Ami8 plants were undistinguishable from the WT. 
However, Ami6-2 and Ami6-5 plants had significantly smaller rosettes compared 
to WT. Generally, these two lines exhibited slower development, compared to WT 
or Ami8 plants.  
Leaves are source organs and hence highly depend on photosynthesis for 
energy supply and might not be the best model for the investigation of respiration. 
On the other hand, roots as sink organs, are completely dependent on the 
respiration for energy supply. This makes them a suitable model for investigation 
of respiratory alterations. For this reason, the root lengths of the KD and OE 
plants were analyzed (Figure 36).  
Root length was measured as described in Section 2.2.7.1. All root assays 
were performed at least 3 times. For better comparison, Ami or OE seeds were 
always placed on the same plate with the WT. WT seeds of approximately the 
same age as Ami6 and OE seeds were always used. Because the Ami8 seeds 
were older, they were compared independently to the WT seeds of similar age. 
As such, root length assay results for Ami8 are depicted separately in Figure 56 





Ami6-2 and 6-5, which had significantly (about 50%) shorter roots compared to 
WT. Interestingly, a stronger OE line (3HA 2) also had slightly shorter (about 
10%) roots. The other OE line (35S 1) had somewhat shorter roots compared to 
WT, but the difference was not statistically significant.  
3.11.2. Determination of pollen viability in KD and OE plants 
It is well documented that pollen development is an energetically demanding 
process (Jones, 2013 p.605). Additionally, it was recently published (Luo et al., 
2013) that OsCOX11 in rice participates in pollen maturation and its disturbance 
leads to pollen lethality. With this in mind, I set out to test pollen viability in the 
WT 3HA 2 35s 1
WT 3HA 2 35S 1
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Figure 36. Phenotypic analysis of the KD and OE plant lines.  
In the upper part of the panels 7-week-old plants cultured under short-day conditions are shown. 
In the lower part of the panels the results from the root length assays are depicted. For the root 
assays seedlings were cultured for 12 days on MS+1% Suc media in vertical position. Seedlings 
were photographed (examples depicted on bottom left) and root length was measured. 
Experiments were repeated at least 3 times. Each bar represents an average of approximately 30 
seedlings. Asterisks represent statistical significance calculated with the Students t-test. Error 






KD and OE plants. Pollen viability assay was performed as described in Section 
2.2.7.2. Viable pollen grains were detected with Fluorescein diacetate (FDA) dye. 
This dye is a non-fluorescent compound. However, once it comes into contact 
with a living cell, cellular esterases will hydrolyze the two acetates and the dye 
will become brightly fluorescent in the green part of the spectra. Hence, if the 
pollen was fluorescent it was counted as viable and if there was only background 
fluorescence it was counted as dead (Figure 37 A.) In my experimental set-up I 
did not observe any significant loss of pollen viability in any plant line (Figure 37 
B.). In all 3 experimental replicates almost all pollen grains were viable (>95%). 
3.11.3. Determination of pollen germination in KD and OE plants 
Even if the pollen grain is viable, it might be defective in germination and 
extension of its pollen tube. Hence pollen germination in KD and OE plants was 
subsequently tested. Pollen germination was tested with the sitting drop method 
as described in Section 2.2.7.3. For better comparison, day 0 flowers were used 
in all experiments (Figure 38 A. arrow), as previously described by Boavida and 
McCormick, (2007). Pollen germination and tube extension was inspected 
visually with bright-field microscopy. Figure 38 B. illustrates the definitions of 
WT Ami6-2 Ami6-5 Ami8 3HA 35S 1
































Figure 37. Analysis of pollen viability in the KD and OE plants.  
Pollen viability was estimated with the FDA dye, which specifically stains live cells. A. Example 
of the pollen viability assay. The fluorescent pollen grains were counted as viable, while the grain 
in the middle with no fluorescence was counted as dead. B. Pollen viability was tested for KD and 
OE lines. Bars represent averages of three independent experiments. No statistical significance 







germination applied in these experiments. Pollen grains labeled with #1 were 
counted as positive or germinated. They possessed long and developed pollen 
tubes. Pollen grains labeled with #2, were counted as negative or ungerminated. 
They either did not have a pollen tube or they had very short unstructured 
protrusions from the grain. Experiments were repeated at least five times (up to 
10 for some lines) with duplicates for each line. Due to innate variations in 
Arabidopsis pollen tube germination rates in in vitro assays, germination in each 
run was normalized to WT sample (one of duplicates or triplicates). Normalized 
values were averaged in the final result (Figure 38 C.). Normally, the germination 
of the WT was around 75%. The pollen germination was, unlike viability, affected 
by AtCOX11 knock-down and overexpression. Pollen of all lines, except for Ami8, 
showed lower germination compared to WT. Reduced pollen germination was 
more pronounced in the Ami6-2 and 6-5 lines.  The Ami8 pollen behaved as WT.  
Interestingly, publicly available microarray data, showed that AtCOX11 is up-
regulated (2-2.5 fold) during the pollen tube growth vs. the dry pollen 
(Genevestigator). This indicates that AtCox11 might have a significant role in 
pollen tube growth.   
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Figure 38. Analysis of pollen germination in the KD and OE plant lines.  
For determination of pollen germination only day 0 flowers were used (A. arrow). B. Definition of 
germinated (#1) and non-germinated (#2) pollen grains.  C. Average normalized values for 
several experiments (5-10). In each individual experiment, pollen was usually germinated in 
duplicates. Asterisks represent statistical significance calculated with Students t-test. Error bars 







As documented in last few sections, processes which depend on respiration 
and hence on COX complex, were affected in the KD and OE plants. Roots were 
dramatically shorter in KD plants compared to WT, while pollen germination was 
reduced both in KD and OE plants.   
3.12. AtCOX11 connection to copper  
The members of the Cox11 protein family are copper chaperones, involved 
in delivery of copper to the CoxI subunit of the COX complex. AtCox11, like other 
members of the family, possess a putative copper binding motif (CFCF) in its C-
terminal domain (Figure 5), suggesting that AtCox11 is also a copper chaperone. 
Therefore, it was of interest to test the regulation of the AtCOX11 gene upon 
changes of cooper concentrations in the plant’s surrounding. This was tested with 
12-day-old WT seedlings, cultured on solid MS+1% Suc plates in long-day 
AtCOX11 AtHCC1 AtCOPT2 AtAOX1a
MS 1.00 1.00 1.00 1.00
10 μM CuSO4 1.08 1.07 0.28 4.22
50 μM CuSO4 1.47 0.87 0.24 8.76
100 μM CuSO4 1.69 0.87 0.21 9.36





































Figure 39. Gene regulation under copper stress and deficiency.  
12-day-old WT seedling were treated for 24 h with increasing concentrations of copper or with 
the copper chelator BCS in MS+1%Suc liquid media. Total RNA was isolated and used for qPCR 
mRNA quantification of AtCOX11 and AtHCC1 (putative copper chaperones in IMS), AtCOPT2 
(plasma membrane copper transporter) and AtAOX1a (alternative oxidase and ROS stress 
marker). AtPP2A and AtACT2 were used for normalization as housekeeping genes. Asterisks 
represent statistical significance. Each bar represents mean values of 3 biological replicates with 






conditions. After 12 days, seedlings were placed to float on a surface of liquid 
MS+1% Suc media supplemented with copper sulfate (10, 50, 100 μM CuSO4) 
or BCS (Bathocuproinedisulfonic acid, 100 μM), a copper chelator. As a control, 
seedlings were placed on just MS+1% Suc media. After 24 h of treatment, 
seedlings were flash frozen in liquid nitrogen and total RNA was isolated.  
 The levels of AtCOX11 transcripts were determined with qPCR (Sections 
2.2.2.2.3 and 3.8). The mRNA levels of AtHCC1, AtCOPT2 and AtAOX1a were 
also checked. The AtCOPT2 codes for a plasma membrane copper-specific 
transporter and it was used as a positive control for copper treatments. The 
AtHCC1 like AtCOX11, codes for a putative IMS specific copper chaperone. 
AtAOX1a is a marker gene for ROS stress in mitochondria. Results from three 
independent experiments are summarized in Figure 39. As expected, AtCOPT2 
was down-regulated under excess copper conditions and up-regulated in copper 
deficiency (when copper was chelated). Apparently the experimental setup used 
was suitable to detect plant response to copper. The AtCOX11 was slightly up-
regulated in the higher surplus of the copper in media. On the other hand, 
AtHCC1 was not regulated by copper excess or deficiency. Significant up-
regulation of the AtAOX1a, indicated substantial oxidative stress in the seedlings 
exposed to excess copper in the media.  
In a further effort to understand the connection between copper and AtCox11, 
the influence of the addition of copper to or removal from the media on the root 
length phenotype (observed on the KD and OE plant lines, Figure 36), was tested. 
Seedlings were cultured as described in Section 2.2.7.1 on MS+1%Suc plates 
with increasing surplus of CuSO4 (10, 50, 100 μM) or plates where copper was 
chelated by BCS (50 and 100 μM). As CuSO4 is a relatively toxic form of copper, 
seedlings were also cultured on plates with 25 μM copper histidine (CuHis). 
CuHis represent a mixture of CuSO4 and histidine in the molar ratio of 1:2 
(Kreuder et al., 1993). This mixture is less toxic for plants as copper is bound by 
histidine. Additionally, in this form the uptake of copper is more efficient as it can 
also be imported via the histidine transporters (Glover and Wood, 2008). As can 
be seen in Figure 40 A., the addition or removal of copper from the media did not 
affect the phenotype of the KD lines. In the case of OEs lines (Figure 40 B.), 





had the same root length as the WT. When copper was removed from the media, 
the phenotype of the 3HA 2 line was not affected. Surprisingly, with higher 
chelation rates of copper (100 μM BCS), the other OE line (35S 1) also exhibited 








25 μM CuHis 50 μM BCS 100 μM BCS
WT 4.02 4.43 3.76 2.79 4.25 3.77 3.64
Ami6-2 1.89 1.75 1.59 1.25 1.97 1.66 1.50





























25 μM CuHis 50 μM BCS 100 μM BCS 
WT 3.95 3.45 3.40 2.41 3.63 4.18 3.28
3HA 2 3.49 3.60 3.28 2.32 3.43 3.77 2.76






























Figure 40. Influence of copper on root length of KD and OE plant lines.  
The KD (A.) and OE (B.) seedlings were cultured on plates supplemented with copper excess or 
with BCS (copper chelator). Experiments were repeated at least 3 times. Each bar represents the 
average of approximately 30 seedlings. Asterisks represent statistical significance calculated by 
Students t-test. Comparisons were made between WT and KD/OE with each treatment.  Error 
bars represent ±SD. Results for the Ami8 line were very similar to Ami6-2 and 6-5 lines and are 






  Based on the data presented above it seems probable that AtCox11 has 
some role in the copper response. The gene is up-regulated in response to 
excess copper, and copper surplus was seemingly able to restore the short root 
phenotype observed in 3HA 2 plant line.  
3.13. AtCox11 involvement in ROS response  
3.13.1. Gene regulation under ROS stress 
As it was stated in the introduction (Section 1.6), other members of Cox11 
family, particularly the yeast homologue ScCox11, have been implicated in the 
ROS response and defense. Therefore, a possible involvement of the AtCox11 
in ROS response in Arabidopsis was investigated.   
As a first step, the Genevestigator was used to check the previous results 
from publicly available RNA microarrays that tested the trascriptome change after 
oxidative stress (Figure 58).The AtCOX11 was up-regulated by more than two 
fold after antimycin A (AA) treatment, and was unaffected by H2O2 treatment. The 
AtAOX1a, as a ROS stress marker gene was up-regulated by both treatments.  
Other putative IMS cooper chaperones (AtCOX17-1 and AtHCC1) were 
unaffected by either treatment. On the other hand, the AtCOXVb-1 was down-
regulated after AA treatment, and unaffected by H2O2 treatment. In the case of 
the H2O2 treatment, it seems that experimental set-up was not very suitable to 
induce oxidative stress, as even the positive control gene AtAOX1a was only 
weakly up-regulated (compared to the results seen from the AA treatment).   
  As stated before, these RNA microarray data have to be confirmed by other 
method, ideally the qPCR. Before the qPCR experiments, the putative promoter 
of AtCOX11 was examined, for the presence of potential ROS-responsive cis 
acting elements. In a recent publication, Wang et al., (2013) introduced ROSEs - 
ROS responsive elements. Authors suggested 7 putative ROSEs and provided a 
consensus sequence. Based on this information I was able to find 6 elements 
within the putative AtCOX11 promoter that function as ROSEs (Types: 2, 3, 4, 5, 
7, Figure 41). Additionally, one potential G-box element and four W-box elements 
were found. G-box is a core for ABRE (ABA-responsive element), while W-box is 
core binding site of WRKY family of transcription factor. Both types of elements 





comparison, the promoter of AtHCC1 has only 4 W-box elements but no ROSEs. 
In contrast, the putative promoter of AtAOX1a, a known ROS-responsive gene, 
contains many ROSEs, G and W-box elements. The theoretical prediction of 
these ROS-response elements in a promoter is not a proof that a particular gene 
is regulated by ROS, but it gives a good clue.  
Further on, the response of the AtCOX11 to ROS was directly tested by 
qPCR. The 12-day-old WT seedlings were transferred from MS+1% Suc plates 
to liquid MS media supplemented with 20 mM hydrogen peroxide (H2O2), 1 mM 
Tert-butyl hydroperoxide (TBOOH) and 50 μM Antimycin A (AA) for 2 h or 6 h. 
TBOOH is an organic peroxide which is known to induces oxidative stress in 
mitochondria (Zavodnik et al., 2013). Antimycin A, a specific inhibitor of the III 
respiratory complex, causes increased production of ROS in mitochondria.  The 
regulation of several genes was tested: AtCOX11, AtHCC1, AtCOX17-1 (putative 
copper chaperones in IMS), AtHCC2 (chaperone in IMS, involved in stress 
response, particularly to UV-B stress (Steinebrunner et al., 2014)), AtCOXVb-1 
(one of the COX complex subunits), AtCRK21 (encodes a cysteine-rich receptor-
like protein kinase, down-regulated under ROS stress) and AtAOX1a (alternative 
oxidase, mitochondrial marker of ROS stress).  
 












Figure 41. ROS and stress-responsive elements in the putative AtCOX11 promoter.  
Elements were identified based on their previously published consensus sequences (see text). 
ROSE (ROS-responsive elements), G-box (core of ABRE), W-box (core of WRKY transcription 






AtCOX11 AtHCC1 AtHCC2 AtCOX17-1 AtCOXVb-1 AtCRK21 AtAOX1a
MS 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 mM H2O2 1.26 0.70 0.45 1.01 0.74 0.70 1.46
1 mM TBOOH 1.45 1.30 0.60 0.93 0.67 0.54 3.40




























AtCOX11 AtHCC1 AtHCC2 AtCOX17-1 AtCOXVb-1 AtCRK21 AtAOX1a
MS 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 mM H2O2 1.79 0.71 0.60 1.72 0.91 0.76 3.71
1 mM TBOOH 2.24 1.26 0.43 1.88 0.45 0.66 9.24




















































*** *** *** ****
Figure 42. Gene regulation under ROS stress after 2 h (A.) and 6 h (B.).  
12-day-old WT seedlings were treated for 2 and 6 h with different oxidative stressors (20 mM 
H2O2, 1 mM TBOOH and 50 μM Antimycin A (AA))  in MS+1% Suc liquid media. Total RNA was 
isolated and used for qPCR mRNA quantification of AtCOX11, AtHCC1 and AtCOX17-1 (copper 
chaperones in IMS), AtHCC2 (chaperone in IMS), AtCOXVb-1 (COX subunit), AtCRK21 
(cysteine-rich receptor-like protein kinase, down-regulated under ROS stress) and AtAOX1a 
(alternative oxidase and ROS stress marker). AtPP2A and AtACT2 were used for normalization 
as housekeeping genes. Asterisks represent statistical significance. Each bar represents mean 






The qPCR results are summarized in Figure 42. AtCOX11 was slightly up-
regulated after 2 h by all treatments and after 6 h it reached approximately 2 fold 
up-regulation. AtHCC1 was not regulated by ROS. AtHCC2 exhibited an unusual 
pattern, it was down-regulated after 2 h for all threatens, and then up-regulated 
after 6 h of AA treatment. AtCOX17-1 was up-regulated, but slower and weaker 
than AtCOX11, as up-regulation was only present after 6 h. AtCOXVb-1 and 
AtCRK21 were both down-regulated in all treatments and both time points. 
AtAOX1a was as expected strongly up-regulated at both time points for TBOOH 
and AA treatment. After 6 h of AA treatment AtAOX1a was up-regulated 19 fold. 
In case of H2O2 treatment, it was moderately up-regulated. These qPCR data are 
in good correlation with the antimycin A treatment microarray data (Figure 58 A.).   
In conclusion, it appears that AtCOX11 is specifically up-regulated by ROS 
stress. However, a possible role of AtCox11 in ROS response is unknown.  
3.13.2. ROS levels in KD and OE plants 
In an attempt to gain more insight in the role of AtCox11, ROS levels in KD 
and OE plants were examined more closely. As a first step, the influence of ROS 
stress on root length in KD and OE plants was tested. I was interested whether 
the change in expression levels of the AtCOX11 can reduce or enhance the 
effects of ROS stress. The assay was performed as described before (Sections 
2.2.7.1 and 3.11.1). Seedlings were cultured on MS+1% Suc plates 
supplemented with 500 μM H2O2, 100 μM TBOOH and 5 μM antimycin A. Optimal 
concentrations of the ROS stressors were determined experimentally. In case of 
the KD plants (Figure 43 A.), the roots were 50% shorter compared to WT, as 
observed before for MS media and copper stress (Figure 36 and Figure 40). The 
only exceptions were seedlings cultured with 5 μM antimycin A. In that case the 
effect of AA was greater on the WT (~50% root length reduction compared to MS 
control) compared to KD seedlings (~25% root length reduction). On the other 
hand, both OE lines (Figure 43 B.) had a same root length as the WT in all three 
treatments. However, due to the relatively large natural variation of root length 
and complexity of root development, this assay might not be best suited to detect 





 In an effort to find a more sensitive and appropriate method to determine 
possible changes in ROS levels in KD and OE plants, the levels of lipid 
peroxidation in these plants were measured. This assay does not measure 
directly ROS, but the consequence of the ROS presence. ROS molecules oxidize 
lipids within the cell and through the process of lipid peroxidation eventually 
generate MDA (malondialdehyde) and HAE (4-hydroxyalkenals), which are 
detected by this assay.  
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* *
Figure 44. Lipid peroxidation in KD and OE plants.  
In this assay the levels of malondialdehyde (MDA) and 4-hydroxyalkenals (HAE) were measured. 
For the experiments plants leaves were harvested just after switch from night to day. Each bar 
represent an average of five experiments. Asterisks represent statistical significant calculated 
with Students t-test. Error bars represent ±SD. 
 
MS 500 μM H2O2 100 μM TBOOH 5 μM Antimycin A
WT 4.02 2.99 3.12 1.96
Ami6-2 1.89 1.69 1.45 1.40



























MS 500 μM H2O2 100 μM TBOOH 5 μM Antimycin A
WT 3.95 2.86 2.22 1.96
3HA 2 3.49 2.58 2.43 1.81
























*** *** *** ***
*** ***
*
Figure 43. Influence of oxidative stress on root length the KD and OE plants. 
The KD (A.) and OE (B.) seedlings were cultured on plates supplemented with 500 μM H2O2 , 100 
μM TBOOH and 5 μM antimycin A for 12 days. Experiments were repeated at least 3 times. Each 
bar represents the average of approximately 30 seedlings. Asterisks represent statistical 
significance calculated by Students t-test. Comparisons were made between WT and KD/OE with 
each treatment.  Error bars represent ±SD. Results for the Ami8 line were very similar to Ami6-2 






 The levels of the lipid peroxidation were measured as described in Section 
2.2.8.1, from leaves of plants cultured on soil under short-day conditions. Leaves 
were harvested just after the switch from 14 h night to day. This time was chosen 
to minimize the effect of ROS produced by photosystems. As can been seen in 
Figure 44, KD lines had reduced lipid peroxidation levels (for Ami8 not statistically 
significant), while the OE lines had WT levels of lipid peroxidation. 
While this method is sensitive, it is still an indirect measurement of ROS. For 
this reason, I attempted to optimize another assay for direct detection of ROS by 
utilization of the 2′,7′-Dichlorofluorescin diacetate (DCFDA) dye. This dye is not 
fluorescent until its two acetate groups are cleaved by cellular esterases and it is 
oxidized by ROS molecules. As such, the fluorescence signal of this dye is 
directly proportional to the amount of ROS. The requirement to be cleaved by 
cellular esterases ensures that the dye is only activated within or in close 
proximity of the living cells. The assay was performed as described in Section 
2.2.8.2. For each experiments, approximately 200 mg of leaves was used. Exact 
mass was recorded and subsequently curves were normalized to tissue mass. 
To minimize variations, all curves (for each sample in each run) were normalized 
to fluorescence measured at time point 1 h.  
First a proof of principle experiment was performed, where the ROS 
production over time was monitored for WT leaves, WT leaves treated with 10 μM 
antimycin A and 100 μM menadione (free radical generator), as well as two 
blanks (without leaves) with or without 10 μM AA (Figure 45 A.). As can be seen, 
the fluorescent dye (DCF) accumulated over time in the buffer, but at a higher 
rate when Antimycin A was present and even more so with menadione. This was 
to be expected as these chemicals will lead to increased ROS production 
compared to untreated WT leaves. Two blanks, demonstrate that the DCFDA dye 
cannot spontaneously be converted to its fluorescent form. In the following step, 
I test the KD and OE plants and the kinetics of their ROS production with or 
without 10 μM antimycin A (Figure 45 B.). All curves of the untreated samples 
clustered together as well as the curves from the treated samples. Within one 
sample group there was no significant difference between samples (WT, KD and 
OE leaves). The biggest problem was very large standard deviations (Figure 45), 





be promising, both in its simplicity and sensitivity. It requires further optimizations, 
after which is can be used for determinations of kinetics of ROS production in 
living samples.  
In summary, the up-regulation of AtCOX11 in response to ROS stress was 
demonstrated, however the question of the AtCox11 role in ROS response 
remains open. Assays for determination of ROS levels in the KD and OE lines 
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Figure 45. DCFDA assay for detection of ROS levels.  
A. Proof-of-principle experiment for the assay. ROS production was monitored in WT leaves, as 
well as in leaves treated with 10 μM antimycin A and 100 μM menadione. B. Comparison of ROS 
generation in WT, KD and OE plants. Leaves of different plant lines were incubated in a buffer 
with DCFDA dye, which upon cleaved with cellular esterases and oxidation by ROS becomes 
fluorescence. Leaves were incubated either without (AA-0) or with 10 μM antimycin A (AA-10) for 
increased ROS generation. In A. as a positive control a sample with 100 μM menadione (M-100) 
was used. Fluorescence was read out directly from the buffer. Each line represents average of 3 







The objective of this thesis was to characterize the putative Cox11 family 
member in Arabidopsis thaliana (AtCox11). The AtCox11 is designated as a 
putative member because of its sequence similarities with other Cox11 family 
members. However, neither the protein nor the gene had been experimentally 
investigated. In this work, the AtCox11 protein and its gene were systematically 
studied focusing on its function in Arabidopsis.    
4.1. Functional homology between AtCox11 and ScCox11 
Based on high sequence similarities between AtCox11 and ScCox11 a 
functional homology between them was expected. However, the respective 
experiments demonstrated that AtCox11 cannot functionally replace ScCox11.   
Interestingly, similar results were obtained when testing the functional 
homology between human Cox11 (HsCox11) and yeast ScCox11 (Carr et al., 
2005). They used full-length HsCox11 and two chimeric proteins (Y/ H Cox11 and 
H/ Y Cox11, which were analogous to ScChym and AtChym, respectively). The 
only construct that restored respiration in small number of cells was the H/Y 
Cox11 chimera (analogous to AtChym). Based on their data and the results from 
this thesis, it can be concluded that for the Cox11 function in yeast, the C-terminal 
region must come from the native ScCox11.  
The immediately arising question is why does C-terminal region has to stem 
from ScCox11, despite the high conservation of this region among the homologs 
(Figure 5 and Figure 49). One possible explanation could be difference in protein-
protein interactions. As introduced in Section 1.4, assembly of the CoxI subunit 
is very complex and requires specific spatial and temporal coordination of many 
proteins, including Cox11 (Soto et al., 2012). As such, it is possible that the key 
players and events (for example requirement of copper insertion into CoxI by 
Cox11) in this process are conserved, but the exact manner to accomplish this 
and the necessary protein-protein interactions have evolved differently in various 
species. Therefore, it is possible that AtCox11 and ScCox11 are evolutionarily 
too distant to allow these protein-protein interactions. Another possibility is that 





either yeast or Arabidopsis, which in turn prevented the function of AtCox11 in 
yeast mitochondria.  
Interestingly, similar experiments with the other putative IMS copper 
chaperone AtHcc1 (in charge of loading copper to CoxII) revealed that AtHcc1 
can functionally replace its yeast homologue, ScSco1, if its N-terminal region was 
replaced by that of ScSco1 (Steinebrunner et al., 2011). On the first sight, this 
might look contradictory to AtCox11 results. Both AtCox11 and AtHcc1 perform 
relatively similar functions of copper loading into COX subunits, and yet one could 
while the other could not replace its yeast counterpart. Different mechanisms of 
copper loading and the required protein-protein interactions may account for this 
observation. Copper loading into CoxI is cotranslational with coordination of 
several proteins including Cox11 (Khalimonchuk et al., 2010; Soto et al., 2012). 
On the other hand, copper is probably directly loaded into CoxII by Sco1 after the 
assembly of CoxII (Horng et al., 2004; Soto et al., 2012; Van Dijk et al., 2007). 
Additionally, it was demonstrated that AtCox17 (Balandin and Castresana, 2002) 
and AtCox19 (Attallah et al., 2007b) can functionally replace their yeast 
homologues. In these cases as well as for AtHcc1, it is possible that the 
protein-protein interactions are not very intricate. This may allow evolutionarily 
distant homologues to replace each other.  
An interesting result was the growth phenotype of the Δ+AtCHYM yeast 
strain, with only a few cells growing. The difference between the AtChym and 
native ScCox11 is the N-terminus and the TM domain. Apparently, these two 
protein regions are crucial for the functionality of the protein in yeast. The main 
function of the N-terminus is in mitochondrial targeting, but as demonstrated in 
Figure 20, all constructs were targeted correctly to the mitochondria. Hence, the 
TM domain from AtCox11 may cause the impaired function of AtChym. Based on 
this and the fact that the end of TM domain is highly conserved among Cox11 
family members (Figure 49), it can be concluded that the TM domain plays a 
crucial role in the function of Cox11 proteins. The role of the TM domain remains 
unclear, but it could be involved in the recognition of CoxI or another protein 
inside the IMM. The few cells of Δ+AtCHYM which did grow may have mutations 





TM domain from AtCox11. Several possible candidates for mutation (including 
CoxI) were tested, but no mutation could be identified.  
In summary, AtCox11 and ScCox11 are not functional homologues probably 
due to the inability of AtCox11 to interact properly with other proteins involved in 
the assembly of ScCox1. However, high sequence similarities with other family 
members still make it likely that AtCox11 is a true Cox11 family member.    
4.2. Organization and topology of AtCox11 
Based on confocal microscopy and Western blot analysis, AtCox11 is 
probably a mitochondrial protein, as predicted by the bioinformatics analysis of 
the protein sequence. Additionally the investigation of the AtCox11 organization 
and its membrane topology was of high interest.   
The prediction that AtCox11 is an integral membrane protein was confirmed 
with the sodium carbonate extraction of mitochondrial proteins (Figure 27 A.). The 
sodium carbonate extraction stabilizes the protein-lipid-bilayer interactions and 
allows separation of integral and soluble proteins. AtCox11-3HA was mostly 
present in the pellet fraction indicating that it is an integral membrane protein.  
Interestingly, the dimeric form of AtCox11-3HA was significantly enriched 
compared to the monomer which is normally more abundant (for example Figure 
27 B., Lane 0 mitochondria). This experiment indicated that AtCox11 
preferentially is present as a dimer in vivo, but possibly a fraction may exist as a 
monomer. Possibly, there is an equilibrium between the two forms. As copper 
ions bind to both subunits (on the dimer interphase), it is possible that the copper-
loaded AtCox11 is in the functional dimer form and in the copper-free state in the 
monomeric form. A small fraction of AtCox11-3HA was also detected in the 
soluble protein fraction. This could be either an artifact of the assay or due to the 
overexpression of AtCox11-3HA which may be mis-localized in mitochondria.  
The protein topology of AtCox11-3HA was determined by the trypsin 
digestion susceptibility assay (Figure 27 B.). This is the standard assay for 
membrane topology analysis. However, it is relatively difficult to perform and has 
limited reproducibility. Nevertheless, it was used to show that AtCox11-3HA likely 
orients its C-terminus toward the IMS. This result, however should be taken with 





observation was that the dimeric form of AtCox11-3HA seemed to be much more 
susceptible to degradation than the monomeric form. Possibly the 3HA tag of the 
AtCox11 dimer is more exposed to the environment, while in a monomer, it may 
be more protected. This explanation would also imply that in vivo AtCox11 exists 
both as monomer and dimer. This is in agreement with the above formulated 
hypothesis. 
In conclusion, the AtCox11 is likely to be integral mitochondrial protein. It is 
probably tethered to the IMM with its C-terminus exposed to the IMS. These are 
characteristics expected from the Cox11 family members and have been 
experimentally proven for the yeast homologue ScCox11 (Khalimonchuk et al., 
2005). 
4.3. The expression pattern of AtCOX11 
If AtCox11 is involved in the COX complex assembly, it can be expected that 
its gene will be expressed in tissues with the need for respiration or mitochondria 
biogenesis.  
Figure 29 A. shows that AtCOX11 is highly expressed in embryos after the 
imbibition. Imbibed embryos activate all metabolic pathways in order to facilitate 
germination and subsequent growth. Mitochondria in embryos need to be 
repaired (after prolonged desiccation period) and differentiated before the ATP 
production starts (Weitbrecht et al., 2011).  
In later developmental stages, expression of the AtCOX11 was continuously 
maintained only in some tissues, including meristems (apical shoot meristem, 
apical and lateral roots meristems). Meristems are fast dividing tissues, which 
require substantial mitochondrial biogenesis to sustain high division rates; hence, 
it was not surprising that they had high levels of AtCOX11 expression.  
Interestingly, the expression of AtCOX11 in vascular tissues was only 
maintained in some parts of the plant (predominantly leaves and roots) while not 
in others (hypocotyl and stems). The reason for this probably lies in the 
mechanism of phloem transport. Vascular tissue in source organs (e.g. leaves) 
and sink organs (e.g. roots and flowers) require high energy levels to sustain the 
process of phloem loading (in source tissues) and unloading (in sink tissues). On 





is a more passive process and does not require energy (Taiz and Zeiger, 2010 
p.282). In mature leaves (Figure 29 G.), minor veins keep the role of phloem 
loading, while major veins (towards the leaf center) specialize in passive transport 
(Taiz and Zeiger, 2010 p.293). As we can see AtCOX11 expression was limited 
to vascular tissue which requires energy to function.  
Several other energy requiring tissues exhibited expression of AtCOX11; 
including guard cells (Figure 29 D.), flower stigma (Figure 29 E.) and seed 
abscission zone (Figure 29 F.). Guard cells of the stomata apparatus need high 
metabolic rates to maintain the synthesis processes and in turn turgor pressure, 
that is required for stomata opening. Guard cells are unusually rich in 
mitochondria compared to other cells of the leaf (Taiz and Zeiger, 2010 p.315). 
Stigma plays an important roles in pollen adhesion, germination and 
discrimination (in order to ensure correct pollination). At maturity, the receptive 
surface of a stigma secretes nutrients and enzymes required for pollination. This 
synthesis requires sufficient energy supply from respiration (Edlund et al., 2004). 
The seed abscission zone is a senescence zone that requires respiratory energy 
to power the metabolic and transport activities during the reassimilation of 
nutrients (Jones, 2013 p.683).  
In summary, it seemed that expression of AtCOX11 was characteristic for 
tissues with higher mitochondrial activity and/or division needs. This could be 
expected from the gene whose product is involved in COX assembly. AtCOX11 
has very similar expression pattern to that observed for AtHCC1 (Steinebrunner 
et al., 2011). Both were expressed in young leaves, stomata, vascular tissue of 
the source and sink organs, as well as in stigma. On the other hand, AtCOX17-1 
and AtCOX17-2 had a somewhat different pattern (Attallah et al., 2007a). Both 
AtCOX17 had some similarities to the expression of AtCOX11 (expression in 
stigma, vascular tissue, meristems and seed abscission zone) and some 
specificities (they were expressed in anthers, the entire root, and in the case of 
AtCOX17-1 in the siliques). This could indicate that AtCox11 and AtHcc1 
participate in the same process, while both AtCox17s could have additional roles, 






4.4. Influence of AtCOX11 KD and OE on COX complex activity and 
structure 
The main hypothesis of this thesis is that AtCox11 is a member of the Cox11 
family. If so, AtCox11 should participate in the assembly of the COX complex. 
Hence, any alterations of AtCox11 activity or abundance should be reflected on 
the COX complex assembly and activity. Before, the COX activity in KD and OE 
plants could be measured, the activity assay had to be optimized. Figure 33 
shows that this assay is quite sensitive and specific, as demonstrated with the 
COX specific inhibitor KCN.  
The COX activity assay of mitochondria from KD and OE plants gave highly 
intriguing results (Figure 34). The COX activity was reduced both in KD and OE 
plants, albeit to different levels. In the case of the KD plants this was expected. It 
supports the hypothesis that AtCox11 participates in COX assembly. In the KD 
plants, reduced levels of AtCox11 could not facilitate efficient assembly of the 
COX complex, which no other protein could compensate. However, the reduced 
COX activity in OE plants was an unexpected result and it will be addressed in 
detail in Section 4.6.    
The cytochrome c absorption-based assay is a sensitive and easy method to 
measure the COX complex activity. However, this assay cannot provide any 
information on the origin of the measured activity, whether it is coming from the 
expected COX complex or an alternative one. The alternative complex could be 
either a different organization of the COX complex (with a different size) or 
another KCN-sensitive oxidase. Such alternative oxidases have been reported in 
the cyanobacteria Synechocystis PCC6803 (Büchel et al., 1998). Additionally, as 
stated before, data with higher validity should be obtained through two 
independent methods. For this reason, BN-PAGE and in-gel COX activity staining 
with KD and OE mitochondria were used (Figure 35). As it was stated in the 
results, the main COX activity band was stained brown in a size range of 
250-400 kDa. A first important note is the significant difference in staining 
intensity, and thereby the difference in COX activity levels. The results obtained 
by BN-PAGE correlate nicely with the results from the cytochrome c absorption-
based assay. Based on both assays, it can be concluded with higher certainty 





a somewhat lower activity, but closer to that of the WT. If all plant lines were 
analyzed together, a “gradient” of COX activity between them can be observed 
(Ami6-2 and 6-5 plants had the lowest activity, Ami8 was intermediate, and the 
activity of OE plants was only a bit less than WT). This “gradient” was useful in 
investigating the dosage effect of COX activity on the plant phenotype 
(Section 4.5).   
Another interesting observation which can be made from the in-gel COX 
activity staining refers to the organization of the COX complex and more 
importantly the organization of respiratory supercomplexes. As stated before, the 
majority of COX activity is observed in the range 250-400 kDa. Klodmann et al. 
(2011) reported that monomeric COX complex had two forms with estimated 
sizes of 230 and 200 kDa. The smaller form lacks the CoxVIb subunit and 
possibly other subunits (Eubel et al., 2003). As such, intensive activity bands as 
observed in Figure 35 could include COX complex monomers and possibly 
dimers. Steinebrunner et al. (2014) observed a similar broad activity band for the 
COX complex with in-gel staining. Generally, it is hard to make an accurately 
estimate of the complex sizes in BN-PAGE gels due to significant variations of 
the biological material source used and the harshness of the detergent treatment.  
In addition to the main thick band of COX activity, three more bands, in the 
high molecular weight region, exhibited COX complex activity. The composition 
of these respiratory supercomplexes is unknown. The only confirmed 
supercomplex in Arabidopsis is I1+III2 (one complex I and two complex IIIs, with 
the total size of 1.5 MDa) and its dimer form I2+III4 (Klodmann et al., 2011). In 
mitochondria isolated from freshly harvested potato tubers, five COX complex-
containing supercomplexes were detected. With observed sizes of 850, 1,150, 
1,850, 2,200 and 3,000 kDa. It was proposed that their organization is III2IV1, 
III2IV2, I1III2IV1, I1III2IV2 and I1III2IV4 (Eubel et al., 2004). Whether the same 
complexes exist in Arabidopsis is unknown. However, if assumed that they do, 
the supercomplexes observed in Figure 35 could, correspond to III2IV1, III2IV2 and 
I1III2IV1 supercomplexes. This is an unproven assumption. In their analysis of the 
COX complex, Steinebrunner et al. (2014) detected two possible COX-containing 
supercomplexes. However, the material used for mitochondrial isolation, used in 





this work (green fully developed leaves). This difference in starting material could 
account for the observed discrepancy in supercomplex organization.   
Additional greenish bands observed in the KD lines (Figure 35) are probably 
photocomplexes from the contaminating chloroplasts. Subsequent in-gel staining 
for complex I activity (approximate size of 1 MDa) showed a faint purple activity 
band. Evidently, this in-gel staining protocol requires further optimization.  
Interestingly, the COX complex deficiency in KD and OE plants could also be 
observed on the mRNA level. As it can be seen in Figure 32 in the KD plants, 
several other genes were up-regulated in response to AtCOX11 knock-down and 
probably due to the subsequent COX complex deficiency. These included genes 
coding for other copper chaperones (AtHCC1 and AtCOX17-1), the COX 
complex subunit (AtCOXVb-1) and an alternative oxidase (AtAOX1a). This up-
regulation of genes can be interpreted as an attempt of the cells to cope with the 
problem of COX deficiency by synthesizing more subunits and chaperones 
required for its assembly. Cells also applied an alternative approach by up-
regulating the alternative oxidase which could replace the COX complex, albeit 
without proton pumping. In the case of OE plants, this gene up-regulation was 
less significant. Only AtCOXVb-1 was up-regulated comparably to KD plants, 
while other genes were only slightly up-regulated. This could be a consequence 
of the dosage effect. As in OE plant the COX deficiency was much less 
pronounced, the cell response was accordingly smaller.  If this hypothesis is true, 
it would indicate the existence of a specific retrograde signaling pathway that is 
able to convey information of the COX deficiency or energy supply disturbance 
into the nucleus and activate expression of specific mitochondrial genes. Such 
retrograde signaling pathways have been previously proposed for retrograde 
transcriptional control of AtAOX1a expression under stress conditions (Millar et 
al., 2011).  
4.5. AtCOX11 KD and OE influence on plant phenotype 
Considering the reduced COX activity in KD and OE plants it was of interest 
to address the impact of AtCox11 KD and OE on the plant phenotype. Analysis 
of plant morphology revealed an interesting phenomenon (Figure 36): Only the 





slower development compared to WT, while all other lines (Ami8 and OE) were 
WT-like. Why were there differences in phenotypes when all lines had reduced 
COX activity, albeit at different levels? One might expect the intensity of the 
phenotypic change would be proportional to the reduction of COX activity; 
however, the results indicated the existence of a possible “threshold” of COX 
activity which is required for normal development. It is possible that, in Ami6-2 
and Ami6-5 plants, the COX activity was too low (below a “threshold”) to support 
a normal development. However, it is difficult to identify the exact nature of this 
“threshold”. One possibility is that it is linked to the photorespiration. Leaves gain 
a large portion of their energy from photosynthesis, but ETC is essential to 
support it via photorespiration. Possibly, in Ami6-2 and 6-5 plants, the COX 
activity and thereby the ETC activity could not support photosynthesis efficiently, 
while in the other lines the levels of COX activity were sufficient for this role. More 
investigation is required to clarify this issue.  
As mentioned in the results section, leaves have a complex energy 
metabolism (depending both on photosynthesis and respiration), hence they 
might not be an optimal model to investigate respiratory defects. Unlike leaves, 
roots are completely dependent on respiration for energy supply, and thus 
present a better model. As it can be seen in the results (Figure 36), the COX 
deficiency caused shorter roots in KD and OE plants. The KD lines had 
significantly shorter roots, while OE lines had slightly shorter roots compared to 
the WT (only the 3HA line was statistically significant). This is in agreement with 
their varying COX activities. Why does reduced COX activity specifically affect 
root length? It was previously demonstrated that plants affected in the second 
respiratory complex also possessed a shorter root phenotype compared to the 
WT (Huang et al., 2013). The authors determined that the respiration rate of the 
whole root was unaffected, but the root tip exhibited decreased oxygen 
consumption. They further suggested that this metabolic deficit could be 
responsible for slower tip growth, and hence shorter roots. The short root 
phenotype was also demonstrated in AtCYTC1 (cytochrome c) knock-out and 
knock-down plants (Welchen et al., 2012). Apparently, this phenotype of shorter 
roots is present in all plants with disturbances in the respiratory complexes. 





expressed (GUS assay, Figure 29), again emphasizing the importance of 
respiration for root tip development.  In conclusion the short root phenotype of 
KD and OE lines was a direct consequence of reduced COX complex activity.     
Furthermore, pollen viability and germination were investigated. As 
mentioned before, Luo et al. (2013) reported that the Cox11 homologue in rice 
(Oryza sativa) OsCox11 is involved in pollen maturation. Authors showed that the 
knock-down of OsCox11 caused loss of pollen viability in rice. They suggested 
that OsCox11 may participates in the control of H2O2 burst in the anther tapetum 
by scavenging H2O2. This oxidative burst has to happen at the proper time and is 
required for proper pollen maturation. The authors hypothesized that the knock-
down of OsCox11 caused premature H2O2 burst and produced non-viable pollen. 
Following this logic, it would be reasonable to conclude that the overexpression 
of Cox11 proteins in plants could delay the H2O2 burst and also affect pollen 
maturation. OsCox11 and AtCox11 share 80% identity, so it was of great interest 
to test whether a comparable phenotype is observed in Arabidopsis. However, 
as shown in Figure 37, pollen viability is not affected in KD and OE plants. The 
major difference between the experimental set-ups in this thesis and the work 
from of Luo et al. (2013) is the promoters used to create the knock-down. In this 
work, the 35S promoter was used for all constructs, while Luo et al. used the 
tapetum-specific promoter. Differences in the promoters and/or in the methods to 
determine pollen viability may account for the differing results. It is also possible 
that this phenomenon does not exist in Arabidopsis. For definite answers 
constructs with an alternative promoter (e.g., the tapetum-specific promoter) 
should be used in future experiments.    
In contrast to pollen viability, effects of the AtCOX11 KD and OE were 
observed in pollen germination (Figure 38). As demonstrated, all lines showed 
reduced pollen germination except for the Ami8 line. The germination rate of Ami8 
pollen was the same as that of the WT, which was not surprising considering that 
the KD in the Ami8 line was unstable through multiple generations (Figure 55).  
The pollen that was tested in this assay represented practically the T3 generation; 
hence it can be assumed that the pollen from Ami8 plants lost the KD effect. In 
other lines, the dosage effect of COX complex activity was apparent. The Ami6-





plants. The influence of COX complex deficiency on pollen germination and 
pollen tube elongation is an expected result: it is well known that these processes 
are highly respiratory- and energy-dependent (Krichevsky et al., 2007). For 
proper elongation, the pollen tube needs energy to sustain the rapid synthesis of 
cell wall materials, endo- and exocytosis, cellular motors and cytoskeleton 
rearrangements. Probably the process consuming the most energy is the 
massive synthesis of compounds necessary to maintain the turgor pressure in 
the pollen tube (Krichevsky et al., 2007).     
In summary, data suggested that the phenotypic changes observed in the KD 
and OE plants (compared to the WT) were a repercussion of the reduced COX 
complex activity.  
4.6. AtCox11 as a copper chaperone 
The main role of the Cox11 proteins is the insertion of copper in the CuB 
center of the Cox1 subunit during its assembly, classifying Cox11 proteins as 
copper chaperones that are able to transiently bind copper and transport it to 
Cox1. Therefore it was of interest to investigate whether AtCox11 possesses the 
same ability.  
As shown in the results, AtCox11 has a copper binding motif (Figure 5), which 
is completely conserved within the entire protein family (Figure 49) indicating its 
importance for protein function. The cysteine 119 (localized just after TM domain) 
is also completely conserved and essential for function but its exact role is still 
unclear. It was suggested that it participates in copper loading into Cox1 as a 
transient binding site for copper (Thompson et al., 2010). This cysteine is not part 
of the copper-binding motif (Khalimonchuk and Rödel, 2005). The DiANNA 
program predicted all 3 cysteines to exist in the free form, and hence, able to bind 
copper.  
Assuming that AtCox11 is a copper chaperone, it was interesting to test the 
regulation of its gene with a surplus or deficiency of copper in the environment 
(Figure 39). The AtCOPT2 gene that was used as a positive control demonstrated 
that the experimental set-up and copper treatments were suited to elicit the 
transcriptional response. The AtCOX11 gene was slightly up-regulated in 





AtHCC1 was not up-regulated under the same conditions. Del Pozo et al. (2010) 
previously reported that both AtCOX11 and AtHCC1 were up-regulated in 
response to copper surplus in the environment. However, the experimental set-
ups used in two experiments were dramatically different. Del Pozo et al. used 
hydroponic culture conditions and much longer copper exposure, which possibly 
contributed to the different results.  
What is the reason for different copper responses between AtCOX11 and 
AtHCC1 (observed in this thesis) when they perform similar functions in copper 
loading of the COX complex? One possible explanation might be that AtCOX11 
was not up-regulated in response to copper but rather to the elevated levels of 
ROS created by the presence of copper. As it can be seen in Figure 39, AtAOX1a, 
a mitochondrial ROS stress marker gene, was significantly up-regulated by 
copper treatment. AtAox1a is not a copper binding protein. Therefore, the up-
regulation of its gene probably marked an increase in mitochondrial ROS stress.  
The specific up-regulation of AtCOX11 could imply that AtCox11 may have an 
additional role in mitochondrial ROS response, which AtHcc1 does not have. This 
issue will be addressed in the next section of the discussion.  
As described above, the short root phenotype of KD and OE plants was a 
direct consequence of the COX complex deficiency. As AtCox11 is probably a 
copper chaperone, I investigated whether a copper surplus or deficiency can 
rescue the short root phenotype. Figure 40 (A.) demonstrates that different 
copper concentrations in the media are not able to rescue the root length of the 
KD plants. This is not surprising because CoxI cannot take up copper directly 
from its environment; instead copper ions must be inserted by AtCox11. The 
observation that the COX activity in KD lines is low (and hence roots were short) 
irrespective of the copper concentration in the media apparently is due to the fact 
that the limiting factor is not the supply of copper but the availability of the protein 
required to load it.  
In contrast, the short root phenotype of OE plants (Figure 40 B.) (in the 3HA 
line) was rescued by additional copper in the media, whereas chelation of copper 
from the media intensified the phenotype (both OE lines had shorter roots). This 
difference between KD and OE lines indicated that, while both have a reduced 





to be the deficiency of AtCox11 and consequently the inability to efficiently 
assemble the COX complex. The phenotype in OE plants could possibly result 
from a disturbance of the copper distribution within the IMS. As it was introduced 
before, AtCox17 delivers copper ions to both AtCox11 and AtHcc1.  
In WT plants (Figure 46 A.), the balanced concentration of the copper 
chaperones ensures that copper is equally delivered to both AtCox11 and 
AtHcc1. However in the OE plants (Figure 46 B.), AtCox11 is present at a much 
higher concentration compared to both AtHcc1 and AtCox17. This can be clearly 
seen on the mRNA levels (Figure 31 and Figure 32) with a 4 - 6 fold up-regulation 
of AtCOX11 mRNA in OE plants, while the levels of AtHCC1 and AtCOX17-1 
mRNA remained unchanged. Assuming that mRNA levels correlates with protein 
amounts, this could lead to a preferential transfer of copper to AtCox11 at the 
expense of AtCox17 and hence of AtHcc1. In other words, overexpression of the 
AtCox11 could result in a copper deficiency for AtHcc1, which in turn would lead 
to a less efficient copper loading of CoxII and a reduced COX activity. Additional 
copper in the media could elevate its availability in the mitochondria and allow for 





































Figure 46. Hypothetical model of copper transport in WT and OE plants. 
Schematic representation of copper delivery to COX complex in WT (A.) and AtCOX11 
overexpressing plants (B. OE). Blue lines denote the copper transfer between proteins. The 
thickness of the lines illustrates the intensity of the transfer. Black lines illustrate the path of the 







from the media, the opposite occurred and consequently, the COX complex 
activity and root length were reduced.  
In summary, evidence demonstrated here argue in favor of AtCox11 as a 
copper binding protein. However, further investigation to unveil the exact 
mechanism of copper uptake from AtCox17 and delivery to AtCox1 is needed.  
4.7. AtCox11 involvement in ROS response in Arabidopsis 
The Cox11 proteins have been implicated in ROS response and protection. 
Several groups demonstrated a putative role of ScCox11 in H2O2 scavenging 
(Khalimonchuk et al., 2007; Veniamin et al., 2011). They showed that ΔSccox11 
yeast strains were more susceptible to H2O2 treatment compared to the WT. 
However, a possible mechanism of the ScCox11 action was not determined and 
these results require further validation. Nevertheless, these results corroborated 
previous speculations about the involvement of Cox11 proteins in ROS response. 
This possible involvement of AtCox11 in ROS response was tested. 
Figure 41 illustrates that the putative promoter of AtCOX11 contains several 
possible cis-acting ROS responsive elements (ROSEs), as well as several W-box 
(some ROSEs contain the W-box element) and G-box elements. The W-box 
elements are binding sites for the WRKY transcription factor protein family. G-box 
element is part of ABRE (abscisic acid responsive element) (Petrov et al., 2012). 
The WRKY transcription factor protein family presently encompasses 72 
identified members in Arabidopsis. Some of them (e. g. AtWrky40 and AtWrky63) 
were found to be involved in coordinating the expression of stress-responsive 
genes encoding mitochondrial and chloroplast proteins (Van Aken et al., 2013). 
As previously stated, this analysis can only be considered as a hint at a possible 
involvement in ROS response. 
The qPCR data correlated nicely with the RNA microarray data (Figure 58). 
qPCR analyses confirmed that the AtCOX11 gene is up-regulated under ROS 
stress (Figure 42), corroborating the results regarding the regulation of the gene 
under copper surplus (Figure 39). Interestingly, AtCOX11 was maximally up-
regulated upon TBOOH treatment. This could be due to the fact that TBOOH is 
an organic peroxide which induces the oxidative stress in mitochondria (Zavodnik 





control genes (AtAOX1a and AtCRK21) demonstrated that the experimental set-
up was suited for induction of ROS stress in mitochondria. AtHCC1 was not 
regulated by ROS. Thus the up-regulation is seemingly specific for AtCOX11 and 
for AtCOX17-1. The role of AtCox11 in ROS stress remains to be elucidated. 
Interestingly, AtCOXVb-1 was down-regulated under ROS stress. Arabidopsis 
possesses at least two genes for the AtCoxVb subunit. It is possible that the ROS 
stress causes the isoforms to exchange in the COX complex. 
As a first step in the elucidation of AtCox11’s role in ROS stress, the influence 
of ROS on root length in KD and OE plant was tested (Figure 43). In the case of 
KD lines, the antimycin A (AA) treatment gave an interesting result: the roots of 
KD were much less affected than those of WT. In the KD plants, the effect of AA 
on the third complex could have been masked by impaired COX complex, which 
caused overall lower respiration. On the other hand, the OE plants had the same 
length as the WT under all treatment conditions. This apparent phenotype rescue 
for the 3HA line could mean that the overexpression of AtCox11 contributed to 
the defense against the ROS allowing for slightly longer roots. More testing is 
required to substantiate this highly speculative hypothesis; however, due to the 
complexity of the root growth, this assay appears sub-optimal for testing subtle 
changes in the concentration of ROS. 
Therefore, the ROS production in KD and OE plants was tested directly with 
DCFDA (Figure 45) and lipid peroxidation (Figure 44) assays. The first one seems 
to be very promising, but it requires further optimizations to reduce large standard 
deviations. The lipid peroxidation assay that measures ROS indirectly was 
successfully implemented. It showed that KD lines exhibit reduced ROS levels 
(though not statistically significant for Ami8), whereas OE plants had WT levels. 
Possibly the reduced lipid peroxidation and thus the ROS levels in KD plants 
result from the significant reduction of ETC activity. In line with this assumption is 
the fact the levels of lipid peroxidation correlate well with the COX activity. Plant 
lines with lower COX activity also exhibited lower lipid peroxidation. The biggest 
problem of this assay is the fact that it measures the effect of ROS production in 
all compartments of the cells. AtCox11 and its effects are limited, however, to 
mitochondria, which is not the major source of ROS in plant cells. Figure 44 





a 20-25% drop in the level of lipid peroxidation.  The majority of ROS stems from 
chloroplasts and other cellular compartments that are not affected by KD or OE 
of AtCox11. Therefore, the lipid peroxidation assay, while sensitive, should be 
complemented by another assay, possibly the DCFDA assay. Further 
investigation of ROS levels in KD and OE plants is necessary for elucidation of 
the role of AtCox11 in ROS response.  
4.8. Model of AtCox11 function  
In this section, the model for the AtCox11 function is introduced (Figure 47). 
The primary aim of this thesis was to determine whether AtCox11 is a member of 
the conserved Cox11 protein family and to investigate its functions in Arabidopsis.   
 The main conclusion is that AtCox11 is a true member of the Cox11 family. 
It was demonstrated that AtCox11 possesses not only significant sequence and 
structural similarities, but also a large number of the other Cox11 family 






























Figure 47. Model of AtCox11 function. 
Schematic representation of the role of AtCox11 in copper loading to AtCoxI (left hand side), and 
in ROS protection and response (right hand side). Blue arrows denote the copper transfer 
between proteins. Black arrows illustrate the path of electrons from cytochrome c to oxygen. 
Possible AtCox11 functions in ROS reduction are indicated by purple arrows. The ligand-bound 







to IMM. This protein probably forms homodimers in vivo, a form in which it can 
bind copper. Evidence for a role of AtCox11 in the insertion of one copper ion into 
the CuB center of the AtCox1 subunit of the COX complex (Figure 47, left hand 
side) is provided by the fact that the knock-down of AtCOX11 causes severe 
impairment of COX complex activity. Probably AtCox11, like ScCox11, receives 
a copper ion from AtCox17 and subsequently inserts it into AtCoxI. After its 
assembly CoxI associates with AtCoxII, which was independently assembled and 
copper-loaded by AtHcc1. 
The other possible function of AtCox11 might be participation in ROS 
response and protection (Figure 47, right hand side). It was shown that AtCOX11 
was specifically up-regulated by ROS stress, but its exact role and mechanism of 
action remain unclear. One could imagine two different mechanisms for AtCox11 
to reduce the amount of ROS: either indirectly via enhancement of COX complex 
activity, and thereby of the whole ETC. In this scenario, an increased amount of 
AtCox11 would contribute to a generally increased production and assembly of 
the COX complex and other ETC components, resulting in an increased ETC 
activity and consequently in a reduced ROS production. However, in this 
scenario, up-regulation of AtHcc1 would also be expected, which, however, was 
not observed. Or, perhaps the more likely one, is the hypothesis that AtCox11 
can directly scavenge H2O2 and other alkyl hydroperoxides (AtCOX11 was most 
up-regulated by TBOOH in Figure 42). As mentioned in Section 3.1, two cysteines 
in the mature AtCox11 could theoretically form a disulfide bond. It is possible that 
AtCox11 uses H2O2 to form this intramolecular disulfide bond, which eventually 
can be reduced by the thioredoxins present in the mitochondria. This mechanism 
of action exists, for example, in the human matrix protein HsPrx3 (peroxiredoxin-
3) (Mailloux et al., 2013). Possible homologues of HsPrx3 exist in Arabidopsis 
(AtPrxIIF, also a matrix protein). Alternatively, a theoretical disulfide bond in 
AtCox11 might not be reduced but lead to degradation of the whole protein. The 
mechanisms discussed here regarding the AtCox11 function in ROS response 
are highly speculative. Significant further investigation is required in this field to 





5. Summary  
Cox11 (cytochrome c oxidase 11) is an ancient and conserved protein family 
present in most respiring organisms. Studies of several family members, mainly 
in yeast and bacteria, have revealed that these proteins are in charge of Cu+ 
delivery to the respiratory complex IV (COX). Absence of Cox11 leads to a non-
functional COX complex and a complete respiratory deficiency. Although it is 
assumed that homologues in other species perform the same function, 
experimental data supporting this notion are lacking. The aim of this work was to 
characterize the putative Arabidopsis homologue AtCox11 (encoded by locus 
At1g02410) and to determine its functions.  
Comparison of AtCox11 with the well-studied ScCox11 in yeast revealed that 
the two proteins share high similarity in their sequences (32% amino acid identity) 
and in the predicted secondary structures. Surprisingly, despite this high similarity 
AtCox11 proved not to be able to functionally replace the yeast protein in 
ΔSccox11 yeast deletion strains. As presumed, AtCox11 is localized to 
mitochondria, probably tethered to the inner mitochondrial membrane with its C-
terminus facing the intermembrane space. 
The subsequent experimental work addressed the functions of AtCox11. To 
this end AtCOX11 knock-down (KD) and overexpression lines (OE) were 
generated and their impact on plant phenotype was investigated. KD lines that 
were obtained by artificial micro RNA technology, possess approximately 30% of 
the WT AtCOX11 mRNA levels. Overexpression resulting in 4-6 fold higher 
AtCOX11 mRNA levels, was achieved by placing AtCOX11 under the control of 
the 35S promoter.  
Remarkably, both KD and OE plants had reduced levels of COX complex 
activity (~45% and ~80%, respectively) indicating that AtCox11 is, as expected, 
involved in COX complex assembly. The KD and OE plants exhibited reduced 
root lengths and pollen germination rates (compared to WT). As both processes 
are dependent on respiratory energy, these phenotypic changes seemingly result 
from the reduced COX activity. Interestingly, the short-root phenotype in OE 
plants was rescued by a surplus of copper in the media, whereas copper 





changes of the copper concentration. This difference in the copper response 
between KD and OE plants hints at a different cause for the reduced COX activity. 
It is proposed that the concentration of AtCox11 in KD plants limits the efficient 
insertion of Cu+ into COX, independent of the available copper concentration. In 
OE plants, binding of the limited copper by the high AtCox11 level may lead to a 
copper deficiency for the copper chaperone AtHcc1 that is required to load copper 
to subunit AtCoxII. Indeed, addition of copper to the media was able to rescue 
the phenotype.  
In line with these data, the analysis of the expression pattern of AtCOX11 
revealed that it is expressed in tissues which require substantial mitochondrial 
and COX biogenesis to sustain their high metabolic and/or cell division rates. 
Furthermore AtCOX11 was shown to be up-regulated as part of the plant’s 
response to increased oxidative stress induced by the addition to the plant media 
of peroxides or inhibitors of respiratory complexes. The up-regulation of AtCOX11 
in response to oxidative stress was corroborated with publicly available RNA 
microarray data and analysis of the AtCOX11 promoter, which revealed the 
presence of a number of potential oxidative stress responsive elements.  
Taken together, the experimental results presented in this thesis support the 
conclusion that AtCox11 is a member of the conserved Cox11 protein family. 
Most probably, this mitochondrial protein participates in the assembly of the COX 
complex by inserting Cu+ into the CuB center of the AtCoxI subunit. In addition to 
this expected role, the data indicate that AtCox11 might participate in cellular 
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Figure 48. Sequence of the Arabidopsis locus AtCOX11 (At1g02410). 
The color code is as following: Grey – other ORF of the upstream gene, pink – 5’ and 3’ UTRs, 
yellow – start/stop codons, turquoise – introns, green – exons, red – positions of T-DNA insertions. 
Different types of underlining of T-DNA insertion sites denotes names of the insertions 
(SAIL_603_G12 (double insertion), SALK_003445 (double insertion), SAIL_861_D09, 
SAIL_683_B03, SALK_105793). Cytosine labelled in dark red represents the end of the promoter 














































 R.sphaeroides       ------------------------------------------------------------ 
H.sapiens           ----------------------------------MGGLWRPGWRCVPFCGWRWIHPGSPT 
D.melanogaster      ------------------------------------------------------------ 
N.crassa            MSSMPRFVGRRAVAV--QSFSQSASWACFSCRQEFQNQWRRQLSFDT------------- 
S.cerevisiae        -------------------------------------MIRICPIVRS------------- 
R.prowazekii        ------------------------------------------------------------ 
D.discoideum        ---MSRLFNNFLLKTNKNQFIQSFSTKSQINNNIFNNLIKNEKISLP------------- 
C.reinhardtii       ---------------------MS---------------LRRAA----------------- 
R.americana         ------------------------------------------------------------ 
A.thaliana          ---------------------MS---------------WSKACRGTR------------- 
O.sativa            ---------------------MP----------------------PP------------- 
                                                                                 
 
R.sphaeroides       ------------------------------------------------------------ 
H.sapiens           RAAERVEPFLRPEWSGTGGAERGLRWLGTW------KRCS---LRAR------HPA---- 
D.melanogaster      ---------------------------MMR------SLCA---LRGQ------CQQLFRS 
N.crassa            -----EAPSAAS-------SD-------PRR-----KMTT----AAQQQASGAKKQQ--- 
S.cerevisiae        -----KVPLLGT-------FLRSDSWLAPHALALRRAICKNVALRS-------------- 
R.prowazekii        ------------------------------------------------------------ 
D.discoideum        -----PPPFLSS-------SS-------PLSM-------NNI-------FNRNNKNLYTT 
C.reinhardtii       -------TLFAR-------SFAESASSLPVEAGVGARLCTGASTSGRQAWPGAAAGVYAR 
R.americana         ------------------------------------------------------------ 
A.thaliana          -----ISSYLEN-------LH--RTSQYPRT-----ILCSRYYTHG---ACKSNEHYLRS 
O.sativa            -----PPPSLAR-------LH--QRLS--LS-----LLRG----RS---PPAAADAFLRR 
                                                                                 
 
R.sphaeroides       -----------------------------------------------------MSLSPHQ 
H.sapiens           --------------LQPPRRPKSS----NPFT----------------RAQEEERRRQNK 
D.melanogaster      -------------SIRPQNSVHKS----QQFWR----------MKSTDSPEDAARKLRAK 
N.crassa            -----SDRAWR-----WFSTEGASRRQQQQ--QTRS-QSSRTGVSPEMERVRAEYKKRNQ 
S.cerevisiae        ---------YSVNSEQ----PK------HTFDISKL--TRNEIQQLRELKRARERKFKDR 
R.prowazekii        -----------------------------------------------------MSKKSNK 
D.discoideum        NNFNYNKLQFTTQSPNPTPTPTPTPTPTPTPNNNENNNNKNNNNNNFKEEQKKILQEKNK 
C.reinhardtii       GPVA-----WS-------AGPAAA----GT--------RS--------AHSRSSTKYTPA 
R.americana         ------------------------------------------------------MFKNRK 
A.thaliana          KRVF-----WGSSSS-WSLNSHSA----TA--------KSMLDSAHRQYSTHSPSETKSQ 
O.sativa            GL----------ASS-ASSSSSAA----A---------------AAAVAAAAAGREKSSR 
                                                                                 
 
R.sphaeroides       KTAGGLVLVVAVMGAASFAAVPFYNWFCRVTGFAGTTAVATEAP---------------A 
H.sapiens           TTLTYVAAVAVGMLGASYAAVPLYRLYCQTTGLGGSAVAGHASDKIENM----------V 
D.melanogaster      STLYYITAGGVLIVGLSYAAVPLYSIFCQAYSYGGTTTQGHDAEKVEHM----------K 
N.crassa            STMYYVISVILGTVALSYGSVPMYKMICQTTGWGGQPVRAHGAGGSDSD--VDLAAKLEP 
S.cerevisiae        TVAFYFSSVAVLFLGLAYAAVPLYRAICARTGFGGIPITDRR---------KFTDDKLIP 
R.prowazekii        NLAFSLLGLMMSMVLLSFASVPIYNLFCKVTGYGGTTIKETVS-VY------------SK 
D.discoideum        AIGLYVLIAIIGILGLSYAAVPLYRIFCRATGYGGTTRDADDFDVIRKRNL--------- 
C.reinhardtii       ELGLYWGAAAVFMVGVSYASVPLYKLFCAATGYGGTVRAGESVEEKLQRRRDAPNAKVEE 
R.americana         SIAILIAAVSITMIGFSYGSVPLYRIFCQVTGFGGTTQVADLESDILTL--K------DE 
A.thaliana          KMLYYLTAVVFGMVGLTYAAVPLYRTFCQATGYGGTVQRKETVEEKIARHSE------SG 
O.sativa            RTLAYLLGVAAAMVGASYAAVPLYRRFCQATGYGGTVQRRESVEEKISRHAR------DG 
                                    ::.:**:*   *   . .*                          
 
R.sphaeroides       EVLDRTVKVRFDASREAGMPWEFRPLQREMKLKIGETGLAFYEAYNPTDRTVAGTASYNV 
H.sapiens           PVKDRIIKISFNADVHASLQWNFRPQQTEIYVVPGETALAFYRAKNPTDKPVIGISTYNI 
D.melanogaster      KIEDRVLKIRFNADIGSSMRWNFKPQQYEIKVAPGETALAFYTARNPTDKPVIGISTYNV 
N.crassa            VRDAKRMRVTFSASVSDVLPWKFVPQQREVRILPGETALAFYTATNMSDKDIIGVATYSV 
S.cerevisiae        VDTEKRIRISFTSEVSQILPWKFVPQQREVYVLPGETALAFYKAKNYSDKDIIGMATYSI 
R.prowazekii        VKGTKAIIIEFDANVDPNLPWHFIPRQKRVQIVPGQNTLVFYEAENLSNKDIIGTSIYNV 
D.discoideum        DRTVYPIKVTFSASTANKIPWTFKPTQSTIECLPGEPVLCFYRATNNTDTPIIGVATYNI 
C.reinhardtii       AASKRELRVWFNADVADDMPWDFRPTQEYVRVRPGQSTLVFFTAHNKSDKPVTGYSLYNV 
R.americana         QQENRIITVRFNGDVSDTMPWKFHPIQQEIKVMVGETALAFYSAENPTDSSIIGISTYNV 
A.thaliana          TVTEREIVVQFNADVADGMQWKFTPTQREVRVKPGESALAFYTAENKSSAPITGVSTYNV 
O.sativa            TTTSREIIVQFNADVADGMPWKFIPTQREVKVKPGESALAFYTAENRSSAPITGVSTYNV 














R.sphaeroides       TPDAAGGYFAKIACFCFTEQVLAPGERVEMPVTFYVDPAIIDDPDGRYVRQITLSYTFHE 
H.sapiens           VPFEAGQYFNKIQCFCFEEQRLNPQEEVDMPVFFYIDPEFAEDPRMIKVDLITLSYTFFE 
D.melanogaster      IPFEAGAYFNKIQCFCFEEQQLNPHEEVDMPVFFYIDPEITADPALETCDTITLSYTFFE 
N.crassa            TPGQVAPYFSKIQCFCFEEQRLNAGETVDMPVFFYLDPDYLNDLNMKGIETVTLSYTFFK 
S.cerevisiae        APGEAAQYFNKIQCFCFEEQKLAAGEEIDMPVFFFIDPDFASDPAMRNIDDIILHYTFFR 
R.prowazekii        TPNKAGKYFVKIHCFCFEEQLLKAREKVLMPVTFYIDNDFERDPEMENIKVITLSYSFFK 
D.discoideum        TPMKAGTYFTKIQCFCFDEQRINAHETIDMPVLFVIEPELLDDKNMKGVSDITLSYTFFK 
C.reinhardtii       TPDKAAFYFNKIQCFCFEEQRLRPGEQLDMPVFFYVDPEFATDWNCRNINDITLSYVFNK 
R.americana         NPQQAGIYFNKIQCFCFEEQRLKPHETIDMPVFFFIDPAILDDPKMSDIDSITLSYTFFN 
A.thaliana          TPMKAGVYFNKIQCFCFEEQRLLPGEQIDMPVFFYIDPEFETDPRMDGINNLILSYTFFK 
O.sativa            APMKAAIYFNKIQCFCFEEQTLLPGEQIDMPVFFYIDPEFETDPKMEGVNNIVLSYTFFK 
                     *  .. ** ** **** ** :   * : *** * ::     *        : * * * . 
 
R.sphaeroides       TALTEEQAALAAESATDVN---------------------------------- 
H.sapiens           AKEGHKLPVPGYN---------------------------------------- 
D.melanogaster      AKEGLKLNFPSYA-------KPHAASA-------------------------- 
N.crassa            AKYDDNGVLKGVPGAP------------------------------------- 
S.cerevisiae        AHYGDGTAVSDSKKEPEMNADEKAASLANAAILSPE----VIDTRKDNSN--- 
R.prowazekii        IREL------------------------------------------------- 
D.discoideum        SNDQGEYEEI------------------------------------------- 
C.reinhardtii       VEGEEDEEDDGRPSVVKLHSGPHPAAAAAAAVGMPMPVPVAVAAAAGTAPRAA 
R.americana         VEDL------------------------------------------------- 
A.thaliana          VSEENTTETVNNNNSVPVQETN------------------------------- 
O.sativa            VNDS------------------------------------------------- 
 
Figure 49. Alignment of protein sequences of Cox11 homologues from different species.  
Species were chosen to represent all kingdoms. Rhodobacter sphaeroides (Proteobacteria, 
purple bacteria), Homo sapiens (human), Drosophila melanogaster (fruit fly), Neurospora 
crassa (Ascomycota, red bread mold), Saccharomyces cerevisiae (baker’s yeast), Rickettsia 
prowazekii (gram negative alpha Proteobacteria), Dictyostelium discoideum (Mycetozoa, slime 
mold), Chlamydomonas reinhardtii (single-cell green alga), Reclinomonas americana (protist in 
class Jacobea), Arabidopsis thaliana (dicot plant), Oryza sativa (rice, monocot plant). All 
cysteines are labelled in yellow. Predicted TM domains are in grey. Conserved methionine 
involved in copper binding is in blue. Asterisks (*) indicate positions of fully conserved residues. 
Colons (:) indicate conservation of residues with strongly similar properties. Periods (.) indicate 










A. GFP channel RFP channel
Bright-field channel Overlap
B. GFP channel RFP channel
Bright-field channel Overlap
C. GFP channel RFP channel
Bright-field channel Overlap
D. GFP channel RFP channel
Bright-field channel Overlap
Figure 50. Determination of possible cross-talk between GFP and mRFP.  
Mt-Gk (A. and B.) and WT/35S::mRFP (C. and D.) root cells were observed. Fluorophores were 
excited with only 488-nm (GFP) laser (A. and C.) or 561-nm (mRFP) laser (B. and D.). Both 
fluorophores did not exhibit any cross-talk and only gave signal when excited with the correct laser. 
Figures A. and C. lack the bright-field image as the 488-nm laser did not have sufficient intensity 
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Figure 51. Additional examples of microscopy images for colocalization analysis.  
A. Mt-GK/35S::mRFP. Same cell as in Figure 4.21 C., but different focal plane. Here the nucleus 
can also be observed (in the cell middle). Both GFP and mRFP have a weak cryptic nucleus 
targeting signal and are hence sometimes targeted partly there. This is a previously known 
phenomenon and not observed in every cell. B. Two guard cells and one helper cell of the stomata 
apparatus from leaf of the mt-GK/35S::AtCOX11-mRFP plant. All three cells express both 











Figure 52. Analyses of mRNA levels of selected genes involved in respiration, during plant 
development.  
Genevestigator was used to analyse the publicly available Arabidopsis RNA microarray data for 








Table 17. Primer pairs for RT-PCR 






ScCOX11 Nterm F TCTTAGATCCGACTCATGGTTGG 
55 772  
ScCOX11 Cterm R ATCTGCATTCATCTCAGGCTCC 
AtCox11 
AtCOX11 Exon1 F CGTGGTCGAAAGCTTGTAGAGG 
51.5 537 
AtCOX11 Cterm R AGTTGTTATTGTTGACCGTCTCTG 
AtHym 
AtCOX11 Exon1 F CGTGGTCGAAAGCTTGTAGAGG 
55 845 
ScCOX11 Cterm R ATCTGCATTCATCTCAGGCTCC 
ScHym 
ScCOX11 Nterm F TCTTAGATCCGACTCATGGTTGG 
54 761 
AtCOX11 Cterm R AGTTGTTATTGTTGACCGTCTCTG 
Tubulin 
Tub 2 F GGAGGTGGAAGATGAAATGC 
50 105 
Tub 2 R TGAGGAGCGACAGAACACAC 
The mRNAs codign for two chimeric proteins were detected with the appropriate combination of 
the primers for the full-length genes. The annealing temperature (Ta) was optimized individually 












Figure 53. Specificity of the qPCR primer pairs.  
The qPCR reaction with all primer pairs were run on high percentage (2.5%) agarose gels in TBE. 







































Figure 55. AtCOX11 mRNA levels in T3 Ami8 plants.  
Total RNA was isolated from 12-day-old WT and T3 Ami8 plants (homozygous) and reverse 
transcribed. AtCOX11 was quantified by qPCR. AtPP2A and AtACT2 were used as housekeeping 
genes. Depicted experiments present technical replicates. Error bars represent ± SD.  
 
AtCOX11 AtHCC1 AtAOX1a AtCOX17-1 AtCOX5b-1
GUS MS 1.00 1.00 1.00 1.00 1.00





























Figure 54. Influence of kanamycin on mRNA levels.  
WT/35S::GUS (homozygous) seedlings were cultured on MS+1% Suc media with or without 
30 μg/ ml kanamycin (Km) for 14 days. Total RNA was isolated and used for gene quantification 
with AtPP2A and AtACT2 as housekeeping genes. Each bar represents mean values of 3 







WT RNAi 35 RNAi 55 3UTR 19 3UTR 65




























Figure 57. AtCOX11 mRNA levels in RNAi plant lines. 
RNAi was induced by cultivation of seedlings on MS+2% Suc plates supplemented with 10 μM β-
estradiol. Total RNA was isolated from 12-day-old seedlings, reverse transcribed and used as a 
template for qPCR. AtCOX11 values are normalized to two housekeeping genes (AtPP2A and 
AtACT2). Depicted experiments are technical triplicates. The experiment was performed in the 




















WT 4.42 4.39 4.05 3.11 4.27 3.50 3.29 3.10 4.35 1.88




















Figure 56. Root length of AtCOX11 knock-down Ami8 plant line.  
Seedlings were cultured for 12 days on MS+1% Suc media without or with different additions 
(stressors) in vertical position. Seedlings were photographed and root length was measured. 
Experiments were repeated at least 3 times. Asterisks present statistical significance calculated 
















Figure 58. Analysis of gene regulation after Antimycin A (A.) or H2O2 (B.) treatment. 
Data were obtained from public microarray databases. Dots present expression levels relative to WT. Scale is logarithmic, where value of 1 correspond to 2 fold 
change in mRNA levels. Gene are represented by locus names. AtCOX11 (red, At1g02410), AtHCC1 (light green, At3g08950), AtAOX1a (blue, At3g22370), 
AtCOX17-1 (dark green, At3g15352), AtCOXVb-1 (yellow, At3g15640), AtHCC2 (orange, At4g39740). Image generated with Genevestigator.  
 
 
 
 
